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Wykaz zastosowanych skrotow

5-HETE - ang. 5-hydroxyeicosatetraenoic acid, kwas 5-hydroksyeikozatetraenowy
AA - ang. arachidonic acid, kwas arachidonowy

AbI - kinaza Abl

AMPK - ang. 5'AMP-activated protein kinase, kinaza aktywowana 5'AMP

CEPT WUM - Centrum Badan Przedklinicznych i Technologii Warszawskiego

Uniwersytetu Warszawskiego
CRC - ang. colorectal cancer, rak jelita grubego
DHR-123 - ang. dihydrorhodamine 123, dihydrorodamina 123
DMSO - ang. dimethyl sulfoxide, dimetylosulfotlenek
DNA - ang. deoxyribonucleic acid, kwas deoksyrybonukleinowy
ELISA - ang. enzyme-linked immunosorbent assay, test immunoenzymatyczny
FI - ang. fluorescence intensity, intensywnos¢ fluorescencji
FITC - ang. fluorescein isothiocyanate, izotiocyjanian fluoresceiny
FLT3 - ang. fins-like tyrosine kinase 3, kinaza tyrozynowa typu Fms 3
H>O> - nadtlenek wodoru
HaCaT - zdrowe uniesmiertelnione keratynocyty

HRMS - ang. high-resolution mass spectrometry, spektrometria mas wysokiej

rozdzielczos$ci
ICso - ang. half maximal inhibitory concentration, potmaksymalne ste¢zenie hamujace
IL-6 - ang. interleukin 6, interleukina 6
K-562 - przewlekta biataczka szpikowa

KEEG - ang. Kyoto Encyclopedia of Genes and Genomes, Encyklopedia gendw i

genomoOw z Kioto
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KIT - ang. v-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene homolog, homolog

wirusowego onkogenu mi¢saka Hardy-Zuckerman 4

MAPK - ang. mitogen-activated protein kinase, kinaza biatkowa aktywowana

mitogenem
MK.-2 - ang. mitogen kinase, kinaza mitogenowa 2
MMP - ang. mitochondrial membrane potential, potencjat blony mitochondrialne;j

MTT - ang. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, bromek 3-(4,
5-dimetylotiazolyl-2)-2, 5-difenylotetrazoliowy

NF«B - ang. nuclear factor kappa-light-chain-enhancer of activated B cells, jadrowy
czynnik transkrypcyjny

NMR - ang. nuclear magnetic resonance, rezonans magnetyczny jadrowy
NO - ang. nitric oxide, tlenek azotu
PC3 - przerzutowe komorki raka prostaty

PDGFR-B - ang. platelet-derived growth factor feceptor [, receptor [ dla

ptytkopochodnego czynnika wzrostu
PG - ang. prostaglandin, prostaglandyna
PGD?2 - ang. prostaglandin 2, prostaglandyna 2
PI - ang. propidium iodide, jodek propidyny

PPARY - ang. peroxisome proliferator-activated receptor gamma - receptor aktywowany

przez proliferatory peroksysomow gamma
RET - ang. rearranged during transfection, protoonkogen RET

RET/PTC - RET proto-oncogene / papillary thyroid carcinoma, hybrydowy onkogen
RET/PTC (RET w raku brodawkowatym tarczycy)

ROS, RTF - ang. reactive oxygen species, reaktywne formy tlenu
S1P - ang. sphingosine-1-phosphate, stingozyno-1-fosforan

SGGW - Szkota Gtowna Gospodarstwa Wiejskiego
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SI - ang. selectivity index, wskaznik selektywnos$ci
SIRTI - ang. sirtuin 1, sirtuina 1

SIRT2 - ang. sirtuin 2, sirtuina 2

STAT-1 - ang. signal transducer and activator of transcription 1, przekaznik sygnatu i

aktywator transkrypcji 1
SW480 - ludzki gruczolakorak okreznicy
SW620 - ludzki przerzutowy gruczolakorak okr¢znicy
TB - ang. trypan blue, bekit trypanowy
TILs - ang. tumor-infiltrating lymphocytes, limfocyty naciekajace guz
TNF-a - ang. tumor necrosis factor a, czynnik martwicy nowotworéw
UW - Uniwersytet Warszawski

VEGF - ang. vascular endothelial growth factor , wzrostowy czynnik srédbtonka

naczyniowego

VEGEFR - ang. vascular endothelial growth factor receptor, receptor dla naczyniowo-

srodblonkowego czynnika wzrostu

WHO - ang. World Health Organisation, Swiatowa Organizacja Zdrowia
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Streszczenie w jezyku polskim

Komorki nowotworowe stanowig paradoksalng, wypaczong kopi¢ komorek
prawidtowych. Wykorzystuja mechanizmy, ktére sa fundamentem ludzkiego zycia i
przetrwania, dlatego leczenie nowotwordow pozostaje jednym z najwigkszych wyzwan
wspotczesne] medycyny. Wsrdd licznych strategii terapeutycznych, chemioterapia wcigz
odgrywa kluczowa rolg, mimo ograniczen zwigzanych z niska selektywnoscia,
opornoscig lekowa i zmienng biodostepnoscig. W niniejszym badaniu skoncentrowano
si¢ na ocenie potencjatu przeciwnowotworowego zroznicowanych strukturalnie 1,3-
dwupodstawionych pochodnych tiomocznika, zawierajacych elektroujemne podstawniki
w koncowych pierécieniach fenylowych. W celu oceny wplywu  modyfikacji
strukturalnych na cytotoksycznos$¢, biodostepnosé oraz selektywno$¢ zwiazkow,
otrzymane pochodne tiomocznika poddano przesiewowym testom cytotoksycznos$ci in
vitro wobec komorek pierwotnego 1 przerzutowego raka jelita grubego (SW480 i
SW620), prostaty (PC3) oraz biataczki (K-562). Analiza zaleznosci struktura—aktywnos¢é
pozwolita na wyselekcjonowanie najbardziej obiecujacych zwiazkéw, ktore nastepnie
poddano szczegotowym badaniom oceniajacym mechanizmy dziatania. Pochodne 3-
(trifluorometylo)fenylotiomocznika 1, 2, 3, 8 i 9 wykazaly silne dzialanie cytotoksyczne
oraz wysoka selektywnos$¢ wobec komorek raka jelita grubego, zard6wno pierwotnego,
jak 1 przerzutowego. Jednoczesnie analogi te wykazywaly silne dziatanie
proapoptotyczne i hamujace wydzielanie IL-6 zwigzanej z progresja nowotworu. Na
podstawie  aktywno$ci  biologicznej  wyselekcjonowano dwa  zwigzki —
dichlorowcopochodng 2 1 pochodng 4-trifluorometylowa 8, ktoére cechowaly sig
najnizszym stezeniem ICso 1 najwyzszym wskaznikiem selektywnosci (SI). W toku
dalszych badan $ciezek metabolicznych wykazano, Ze obie pochodne aktywowaty
kaspazy 3/7, a takze wptywaly na zahamowanie szlaku NF-xB, co wigzato si¢ z
obnizeniem poziomu VEGF 1 potencjalnym dziataniem antyangiogennym. Dodatkowo
potwierdzono istotne dziatanie prooksydacyjne obu zwigzkow. Z kolei analiza
metabolomiczna potwierdzila szczegolnie korzystne zmiany w profilu metabolicznym w
komorkach przerzutowego raka jelita grubego SW620 oraz, w przypadku pochodnej 2,
takze w komorkach raka prostaty. Co ciekawe, zwigzki te wykazaly rowniez silng
bioaktywnos¢ w sferoidach w warunkach hodowli 3D, co moze sugerowac ich korzystng
biodostgpnos¢. Z kolei zwigzki 1a, 2b, 3a, 3b, 4a, 5d 1 5j z drugiej puli badanych

halogenopochodnych bisfenylotiomocznika wykazywaty silne dziatanie cytotoksyczne
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(ICs0 < 10,7 uM), porownywalne do cisplatyny. Sposrdod nich, pochodne 3b i 5j wykazaty
selektywna aktywno$¢ wobec komorek nowotworowych linii SW480, a zwigzek 5d —
wobec komoérek PC3, jednoczesnie pozostajac nietoksyczne dla komorek prawidtowych.
Wszystkie badane zwigzki hamowaty wydzielanie IL-6 w komorkach raka jelita grubego
(SW480, SW620) oraz raka prostaty (PC3), a takze zwigkszaly poziom wolnych
rodnikow, co — przy jednoczesnym ostabieniu mechanizmow antyoksydacyjnych — mogto
potegowaé ich efekt cytotoksyczny. Zaobserwowano rowniez zmiany w cyklu
komorkowym — zwigzki 1a, 3a 1 5d zwickszaly odsetek komorek w fazie sub-G1, zwigzek
3a — w GO/G1, natomiast 2b — w G2/M, co moze sugerowac kolejno indukcj¢ apoptozy
lub nekrozy, uniemozliwienie podziatu lub uszkodzenie DNA. Najwickszy potencjat
przeciwnowotworowy wykazaly pochodna dichlorofenylowa 3a oraz monopodstawione
pochodne 1a i 5j. Na podstawie przeprowadzonych testow cytotoksyczno$ci in vitro
zaobserwowano obiecujace efekty dziatania wybranych pochodnych tiomocznika, co
wskazuje na ich potencjat jako kandydatéw do dalszych badan przedklinicznych w

kontekscie terapii nowotwordw, zarowno litych jak i hematologicznych.
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Streszczenie w jezyku angielskim

Investigation of the mechanisms of cytotoxic activity of thiourea derivatives

Cancer cells are a paradoxical, distorted copy of normal cells, exploiting mechanisms that
are fundamental to human life and survival. Therefore, cancer treatment remains one of
the greatest challenges of modern medicine. Among the numerous therapeutic strategies,
chemotherapy still plays a key role, despite the limitations of low selectivity, drug
resistance and variable bioavailability. The present study focuses on evaluating the
antitumour potential of structurally diverse groups of 1,3-disubstituted thiourea
derivatives containing electro-negative substituents in the terminal phenyl rings. Such
modifications may affect the cytotoxicity, bioavailability and selectivity of the
compounds. The resulting thiourea derivatives were subjected to in vitro cytotoxic
screening tests against primary and metastatic colon (SW 480 and SW 620), prostate
(PC3) and leukaemia (K-562) cancer cells. Structure-activity relationship analysis
allowed the selection of the most promising compounds, which were then subjected to
detailed studies assessing the mechanisms of action. From the group of 3-
(trifluoromethyl)phenylthioureas, particularly derivatives 1, 2, 3, 8 and 9 showed strong
cytotoxic activity and high selectivity against colorectal cancer cells, both primary and
metastatic. At the same time, these analogues showed strong pro-apoptotic effects and
inhibition of IL-6 secretion associated with tumor progression. On the basis of biological
activity, two compounds - dihalogen derivative 2 and 4-trifluoromethylthiourea 8 - were
selected, which had the lowest ICso and the highest selectivity index (SI). Further studies
of metabolic pathways showed that both derivatives activated caspase 3/7 and also
affected the inhibition of the NF-kB pathway, which was associated with a reduction in
VEGEF levels and a potential anti-angiogenic effect. In addition, significant pro-oxidant
effects of both compounds were confirmed. Metabolomic analysis, on the other hand,
confirmed particularly beneficial changes in the metabolic profile in SW620 metastatic
colorectal cancer cells and, in the case of derivative 2, also in prostate cancer cells.
Interestingly, these compounds also showed strong bioactivity in spheroids under 3D
culture conditions, which may suggest their favourable bioavailability. Meanwhile,
compounds 1a, 2b, 3a, 3b, 4a, Sd and 5j from the second pool of halogenated
bisphenylthiourea derivatives tested showed strong cytotoxic effects (ICso < 10.7 uM),
comparable to cisplatin. Of these, derivatives 3b and 5j showed selective activity against

cancer cells of the SW480 lineage, and compound Sd against PC3 cells, while remaining
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non-toxic to normal cells. All compounds tested inhibited IL-6 secretion in colorectal
cancer (SW480, SW620) and prostate cancer (PC3) cells, and increased free radical
levels, what together with impairing antioxidant mechanisms, may have potentiated their
cytotoxic effect. Changes in the cell cycle were also observed, with compounds 1a, 3a
and 5d increasing the percentage of cells in the sub-G1 phase, compound 3a in GO/G1
and 2b in G2/M, which may suggest successively induction of apoptosis or necrosis,
prevention of division or DNA damage. The dichlorophenyl derivative 3a and the
monosubstituted thioureas 1a and 5j showed the greatest anticancer potential. Promising
effects of selected thiourea derivatives were observed from in vitro cytotoxicity tests,
indicating their potential as candidates for further preclinical studies in the context of both

solid and hematological cancer therapy.
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Wstep

"Komorka nowotworowa stanowi zdumiewajaca, przewrotng kopi¢ normalnej komorki.
Rak jest fenomenalnie skutecznym najezdzca i kolonizatorem mi¢dzy innymi dlatego, ze
wykorzystuje te cechy, dzicki ktorym my, ludzie, jesteSmy skuteczni — czy to jako

gatunek, czy jako poszczegolne organizmy [1]".

Cytat ten doskonale pokazuje to, ze nowotwory sa nierozerwalnie zwigzane z ludzka
egzystencja, wykorzystujac mechanizmy, ktore sg fundamentalne dla naszego zycia i
przetrwania. Dlatego ich leczenie pozostaje jednym =z najwigkszych wyzwan
wspotczesne] medycyny. Na przestrzeni lat opracowano 1 przetestowano rozne
onkologiczne strategie terapeutyczne, wsrdd ktdrych chemoterapia pozostaje jedng z
kluczowych metod, i polega na stosowaniu lekow majacych na celu niszczenie komorek
nowotworowych lub hamowanie ich wzrostu. Jednak mimo dynamicznego rozwoju
chemoterapii 1 farmakologii, terapia nowotworow wcigz nie przynosi optymalnych
wynikow leczenia ze wzgledu na ich heterogenno$¢ oraz szybko rozwijajace si¢
mechanizmy opornosci, a takze problemy zwigzane z biodostgpnos$cia i selektywnoscia
lekéw [2, 3]. Celowe jest wigc poszukiwanie nowych lekéw, ktére umozliwiaja
eliminacje komorek nowotworowych w sposob selektywny, bez uszkadzania zdrowych
tkanek. Wedtlug Swiatowej Organizacji Zdrowia (WHO) najczesciej wystepujacym
nowotworem jest rak pluc, a na kolejnych miejscach znajdujg si¢ rak prostaty 1 jelita
grubego oraz rak piersi u kobiet [4]. Poza guzami litymi duzym wyzwaniem
terapeutycznym s3 nowotwory uktadowe takie jak biataczki, gdzie niemozliwos¢
usunigcia chirurgicznego stawia chemoterapi¢ 1 immunoterapi¢ na pierwszym miejscu

wsrdd podstawowych metody leczenia.

Sposrod  puli  zwiazkow, ktére potencjalnie moga wykazywaé aktywnos$¢
przeciwnowotworowa, duzym zainteresowaniem cieszy si¢ grupa pochodnych
tiomocznikowych. Potencjat tych substancji w konteks$cie terapii przeciwnowotworowej
wynika z ich zdolno$ci do dziatania migdzy innymi jako ligandow koordynacyjnych dla
metali, jak réwniez modyfikatorow bialek oraz zwigzkow o wlasciwos$ciach utleniajaco-
redukujacych [5, 6]. Ta zdolno$¢ do tworzenia kompleksOw z jonami metali moze
prowadzi¢ do powstania nowych zwigzkoéw o wlasciwosciach przeciwnowotworowych.
Metale przejsciowe, takie jak platyna, miedz, cynk czy nikiel, czesto odgrywaja kluczowa

role w procesach biochemicznych komoérek nowotworowych, a utworzone kompleksy
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metaloorganiczne zawierajace uktad tiomocznika mogg wptywac na struktury DNA,
hamowac¢ replikacj¢ komorek nowotworowych, a takze blokowac szlaki sygnalizacyjne,

ktore sg niezbedne do wzrostu i przezycia komoérek rakowych [7, 8].

Pochodne tiomocznika mogg rowniez dziata¢ jako modyfikatory biatek np. poprzez
zmiany ich struktury, aktywno$ci enzymatycznej, a takze stabilno$ci, wptywajac tym
samym na procesy takie jak cykl komorkowy, apoptoza czy odpowiedz na stres
oksydacyjny [8, 9]. Indukujac stres oksydacyjny, a w rezultacie uszkodzenie DNA i
biatek, przyspieszaja proces eliminacji komoérek nowotworowych [10]. Dzialanie
przeciwnowotworowe tiomocznikdw obejmuje takze indukcje apoptozy, czyli
programowanej $mierci komorek. Apoptoza jest naturalnym procesem, ktory pozwala
organizmowi eliminowa¢ uszkodzone Iub nieprawidlowe komorki. Zwiazki z
ugrupowaniem tiomocznikowym moga aktywowac szlaki apoptotyczne poprzez wptyw
na biatka regulujace ten proces, takie jak kaspazy, lub indukowa¢ zmiany w funkcji
mitochondriéow [11]. Dodatkowo, hamuja one angiogeneze, czyli proces tworzenia
nowych naczyn krwionos$nych, ktory jest niezbedny do wzrostu i rozprzestrzeniania si¢
guzéw nowotworowych [12]. Innym istotnym mechanizmem jest dziatanie poprzez
czynnik martwicy nowotworéw (TNF-a), ktory odgrywa kluczowa role w regulacji
odpowiedzi zapalnej 1 ktory rowniez moze aktywowac szereg szlakow sygnalizacyjnych
prowadzacych do $mierci komorki [13]. Dziatanie przeciwnowotworowe obejmuje takze
zatrzymanie odpowiednich faz cyklu komoérkowego oraz modulacje odpowiedzi
immunologicznej organizmu. Mechanizmy te moga dziata¢ synergistycznie, prowadzac
do zahamowania wzrostu guza i zwigkszenia skutecznosci terapii przeciwnowotworowe;j
[14-16]. Co ciekawe, modyfikacja struktury tiomocznika przez wprowadzenie r6znych
podstawnikéw przyniosta obiecujace wyniki w postaci zwigkszenia aktywnosSci
cytotoksycznej. Wzbogacano szkielet tiomocznika o dodatkowe grupy alkilowe, arylowe,
heterocykliczne, a takze r6zne inne grupy funkcyjne, ktore miaty wptyw na wtasciwosci
fizykochemiczne i biologiczne czasteczki, takie jak lipofilowos$¢, polarno$¢ oraz zdolno$é¢
do penetracji blon komoérkowych, co mogto zapewni¢ uzyskanym pochodnym nowe lub
zmienione dzialanie cytotoksyczne, przeciwbakteryjne czy tez przeciwwirusowe.
Najskuteczniejsze okazaty si¢ pochodne, w ktorych terminalne pierScienie fenylowe
zawieraly  podstawniki  elektroujemne [17, 18]. Wprowadzenie  grupy
elektronoakceptorowej (np. atomu chlorowca) w strategiczng czes$¢ czasteczki wyraznie

wptlyneto na jej aktywnos¢ biologiczna, powodujac zwiekszenie lipofilowosci, a co za
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tym idzie - szybko$ci absorpcji i transportu substancji in vivo. Obecno$¢ silnie
elektroujemnego podstawnika zmienia rowniez wlasciwosci sgsiednich  grup
funkcyjnych, co moze mie¢ wplyw na reaktywnos$¢, stabilno§¢ metaboliczng i charakter
chemiczny czasteczki. Wysoka stabilnos¢ z kolei zwigksza biodostepnos¢ zwigzku, co
przeklada si¢ na jego korzystne parametry farmakokinetyczne. Grupy te, dzigki swojej
zdolnos$ci do przyciagania elektronéw, moga stabilizowa¢ okre§lone formy czasteczek
lub zwigksza¢ ich zdolno$¢ do interakcji z biomolekutami w komorkach
nowotworowych. W praktyce oznaczalo to, ze te modyfikacje strukturalne mogly
zwicksza¢ skuteczno$¢ pochodnych mocznika i tiomocznika w hamowaniu wzrostu
komoérek nowotworowych, poprawiajac jednoczesnie ich selektywno$¢ i zmniejszajac
ryzyko toksyczno$ci wobec zdrowych komorek [19, 20]. R6znorodno$¢ strukturalna
pochodnych tiomocznika umozliwia zatem opracowanie szerokiej gamy zwigzkéw o
zréznicowanych wiasciwosciach. Dzigki temu mozliwa jest optymalizacja ich struktury
pod katem dostosowania do konkretnych typéw nowotwordéw lub systemow dostarczania
lekow [21]. Wykazano, zZe pochodne diarylotiomocznikowe zatrzymywaty cykl
komoérkowy w fazie S oraz aktywowaly kaspazy-3 poprzez wewngtrzng S$ciezke
apoptozy. Z kolei klasa ditiokarbaminianéw dziatata cytotoksycznie wobec réznych
rodzajow nowotworéw poprzez indukcje stresu oksydacyjnego i hamowanie funkcji
proteasomu [21, 22]. Seria pochodnych 4-tiazolidinono-fenyloaminopirymidyny,
zawierajacych podstawniki orfo-Cl oraz para-CFs, wykazata skuteczno$¢ w dzialaniu
przeciwnowotworowym wobec komodrek przewleklej biataczki szpikowej. Efekt ten byt
osiggany poprzez indukcje zaprogramowanej $mierci komorek, co bylo wynikiem
hamowania aktywnosci kinazy Abl [23]. Co ciekawe, obecno$¢ ugrupowania
nitrofenylowego w  strukturze pochodnej tiomocznika sprzyjata aktywnosci
cytotoksycznej zwigzku wobec réznych nowotworow litych, takich jak rak ptuca, jelita
grubego, prostaty oraz piersi. Mechanizm dziatania zwigzany byt z inhibicjg enzymu
kinazy mitogenowej (MK-2) [24, 25]. Wydaje si¢, ze modyfikacja struktury
halogenowych analogéw diarylomocznika moze otworzy¢ droge do nowoczesnych
terapii roznych rodzajow raka piersi. Zwiazki z tej grupy zwiekszaty aktywacj¢ kinazy
biatkowej aktywowanej AMP (AMPK), co prowadzito do zahamowania syntezy kwasow
thuszczowych 1 zmniejszenia przeptywu metabolitow w komodrkach nowotworowych
[26]. Zwraca rdwniez uwage aktywnos$¢ biologiczna nowych pochodnych 1,3-
fenylo(bis)tiomocznika, ktore wptywatly na indukcj¢ $mierci komorek nowotworowych

poprzez zatrzymanie cyklu komorkowego na etapie prometafazy, natomiast
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bromopochodne diarylotiomocznika powodowaly zatrzymanie komorek w fazie S.
Dziatanie tych zwiazkéw prowadzito do wyraznych zmian morfologicznych w
elementach komorek nowotworowych, takich jak blona plazmatyczna, lizosomy oraz
mitochondria [27-29]. Ciekawym jest fakt, ze tio(mocznik) jest juz elementem kilku
lekéw przeciwnowotworowych takich jak sorafenib, czy tenovin-1. Pierwszy z nich
dziata jako inhibitor licznych kinaz tyrozynowych receptoréw np. VEGFR-1, VEGFR-2,
VEGFR-3, ptytkopochodnego czynnika wzrostu (PDGFR)-B, KIT, FLT-3, RET,
RET/PTC oraz wewnatrzkomorkowych kinaz serynowo-treoninowych nalezgcych do
kaskady MAPK, ktore odgrywaja kluczowa rolg¢ w progresji nowotwordw i angiogenezie
[20, 30]. Natomiast Tenovin-1 jest znany jako inhibitor deacetylazy sirtuinowej, ktory

dziala poprzez modulacje aktywnosci sirtuin, szczegolnie SIRT1 1 SIRT2 [31].

Jak wida¢, motyw strukturalny 1,3-dwupodstawionych pochodnych tiomocznika stanowi
baze dla szerokiej gamy zwigzkow wykazujacych dzialanie przeciwnowotworowe, ktére
jednoczesnie sg nietoksyczne dla prawidlowych komorek [32, 33]. W zwigzku z tym
badania prowadzace do poznania zalezno$ci struktura-aktywno$¢ pochodnych
tiomocznika pozwolily na zaprojektowanie nowych, skuteczniejszych zwigzkéw o
wigkszej selektywnosci 1 farmakokinetyce. Dodatkowo, wprowadzenie atomu fluoru lub
grupy trifluorometylowej do szkieletu czasteczki moze zwigksza¢ stabilno$¢
metaboliczng i chemiczng, poprawia¢ profil farmakokinetyczny (tj. przenikalnos$¢ przez
btony) oraz biodostgpnos¢, a takze zwieksza¢ powinowactwo wigzania zwigzkow do

docelowego biatka [34].

Majac na uwadze przedstawione wczesniej zagadnienia, interesujacym kierunkiem
badawczym okazala si¢ modyfikacja 1,3-dwupodstawionych pochodnych tiomocznika.
Celem pracy byto zbadanie wplywu zmian strukturalnych na aktywno$¢ cytotoksyczna
uzyskanych pochodnych wobec komorek raka jelita grubego, prostaty, jak rowniez
biataczki. Nowe pochodne oparte na strukturze tiomocznika zostaly zaprojektowane i
zsyntetyzowane przez dr hab. n. farm. Ann¢ Bielenic¢ z Katedry 1 Zaktadu Biochemii
Warszawskiego Uniwersytetu Medycznego Otrzymane zwigzki zostaly nastepnie
poddane testom przesiewowym pod katem aktywnosci cytotoksycznej w rdznych typach
linii komorkowej. Analiza wynikow pozwolita na identyfikacj¢ najefektywniejszych
pochodnych co umozliwilo dalsze, poglebione badania mechanizméw ich dziatania

cytotoksycznego.
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Opisywane osiggniecie naukowe obejmuje trzy prace doswiadczalne (P1-P3)
Prezentowane badania koncentruja si¢ na identyfikacji skutecznych i selektywnych
zwiagzkow, ktore moglyby znalez¢ zastosowanie w terapii nowotworow. W pierwszej
publikacji (P1) skupitam si¢ na mozliwych mechanizmach aktywnos$ci cytotoksycznej
serii ~ analogébw  3-(trifluorometylo)fenylotiomocznika. ~ Sposréd  grupy 12
halogenopochodnych, wyselekcjonowatam dwie: 3,4-dichloro- 1 3-trifluorometylowa,
charakteryzujace si¢ najwickszym potencjatem cytotoksycznym. Umozliwito to
przeprowadzenie kolejnych, bardziej zaawansowanych badan nad mechanizmami
cytotoksycznego dzialania tych pochodnych, ktore zostaly opisane w publikacji drugiej
(P2). Z kolei w trzeciej pracy (P3) poddalam ocenie cytotoksycznos¢ 16 nowych
halogenowych pochodnych tiomocznika. W celu zapewnienia zmienno$ci strukturalne;,
pula podstawnikow byta zroznicowana i zawierala pochodne karbazolowe, bifenylowe
oraz fenylowe. Wybrane zwiazki o najwyzszej bioaktywnosci 1 wysokiej selektywnos$ci
zostaty poddane dalszym badaniom, ktére pozwolity okres§li¢ mechanizmy ich dziatania

przeciwnowotworowego.
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Zalozenia i cel pracy

1,3-dwupodstawione pochodne tiomocznika zawierajace podstawniki
elektronoakceptorowe w pierScieniu aromatycznym mogg modulowaé procesy
komoérkowe kluczowe w progresji nowotworu. Bioaktywno$¢ tych zwigzkow
potwierdzona juz efektywnie stosowanymi lekami przeciwnowotworowymi daje
mozliwosci zaprojektowania nowych, zmodyfikowanych pochodnych, ktére posiadatyby
zwiekszony potencjat cytotoksyczny, a jednoczesnie pozostawalyby bezpieczne dla

komorek prawidtowych.

Celem pracy byto zbadanie 1 poznanie mechanizmoéw cytotoksycznosci serii 1,3-
dwupodstawionych pochodnych tiomocznika oraz poznanie zaleznos$ci struktura-
aktywno$¢ tych analogow wzgledem komorek nowotworowych. Analiza tych korelacji
moze ulatwi¢ przyszte, bardziej celowane podej$cie do modyfikacji strukturalnych
pochodnych tiomocznika. Celem moich badan byta identyfikacja nowych zwiazkéw o
lepszej selektywnos$ci, mniejszej toksycznosci 1 wyzszej biodostepnosci, ktore moglyby

sta¢ si¢ nowymi, efektywnymi lekami w terapii przeciwnowotworowe;j.

IL-6 ®
A— Blekit O/\M%t
l 2z O
i XN {:j} O

Aneksyna V OO
N wydzielanie ROS
indukcja apoptozy lub nekrozy i 3
aktywnos¢ interleukiny 6
test proliferacji komarek btekit trypanu
F
C 3 A ¥ Y B
NH _NH b
S R 7 m/ 7 / .
‘ Y ‘
R ! |
- A
NH NH A
i G,
zmiany w profilu metabolicznym v

®e)

RelA

aktywnos¢ NF-kB

p50

)
RelA p50

) (P) X
@/@ IkBa

zmiany w cyklu komérkowym

wydzielanie VEGF przezywalnos¢ komdrek w hodowli 3D

Ryc.1. Zestawienie mechanizmoéw aktywnosci cytotoksycznej badanych pochodnych

tiomocznika

21




Rozprawa doktorska mgr Pauliny Strzygi-Lach

Publikacja 1

Prace doswiadczalne rozpoczgtam od oceny potencjalu cytotoksycznego 1,3-
dwupodstawionych pochodnych tiomocznika o zréznicowanych uktadach terminalnych.
W wyniku kondensacji 3-(trifluorometylo)aniliny z odpowiednimi
fenyloizotiocyjanianami otrzymano dwanascie pochodnych 3-
(trifluorometylo)fenylotiomocznika, zawierajacych uktady dihalogenofenylowe (1-4),
halogenometylofenylowe (5, 6), alkilofenylowe (12) lub fenylowe monopodstawione (7—
11) (Tabela 1). Struktury otrzymanych zwigzkéw zostaty potwierdzone badaniami NMR
i HRMS. Przeprowadzone modyfikacje strukturalne pozwolily na zbadanie wpltywu
rodzaju, ilo$ci i miejsca polozenia podstawnika w pierscieniu fenylowym na wlasciwosci

biologiczne calej serii zwigzkow.

Tabela 1. Struktura badanych pochodnych 3-(trifluorometylo)fenylotiomocznika (prace P1
i P2).

Zwiazek R
1 3-CL4-F-Ph
2 3-C14-C1-Ph
3 2-C14-Cl-Ph
4 2-C1,3-Cl-Ph CF,
5  2-CH33-Cl-Ph <
6  2-CH35-Cl-Ph NHJ\NH/R
7 2-CF3-Ph
8 4-CF3-Ph
9 4-Cl-Ph
10 4-CN-Ph
11 4-Br-Ph
12 -CH,CH»-Ph

Realizujgc cele pracy, ocenitam aktywnos$¢ cytotoksyczng uzyskanych nowych
pochodnych tiomocznika wzgledem czterech linii komdrek nowotworowych: raka jelita
grubego (SW480, SW620), prostaty (PC3) i przewleklej biataczki szpikowej (K-562)

oraz linii kontrolnej prawidtowych keratynocytow (HaCaT). Jednym z najczgsciej
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stosowanych technik kolorymetrycznych do okreslenia cytotoksycznosci jest test MTT,
ktory wykorzystatam réwniez w swoich badaniach [35]. Jest on oparty na zdolno$ci
enzymu mitochondrialnego - dehydrogenazy bursztynianowej do przeksztatcenia
rozpuszczalne] w wodzie soli tetrazolowej (bromku 3-(4,5-dimetylo-tiazol-2-ilo)-2,5-
difenylotetrazolu) w nierozpuszczalne w wodzie krysztaty formazanu. Po dodaniu DMSO
powstaje barwny zwigzek, ktérego intensywnos$¢ zalezy od liczby aktywnych
metabolicznie (zywych) komoérek. Miarg aktywnosci cytotoksycznej badanej substancji
jest okreslenie stezenia hamujacego, ICso, dla ktorego wzrost i proliferacja komorek
zostaja zahamowane w 50%, w poréwnaniu do kontroli. Na podstawie analizy warto$ci
ICso stwierdzitam, ze dihalogenofenylowe pochodne (1, 2, 3, 4) oraz para-podstawione
pochodne tiomocznika (8, 9) wykazaly najwyzsza aktywno$¢ przeciwnowotworowag
sposrod badanych zwiagzkow, efektywnie hamujac wzrost wszystkich analizowanych linii
komoérkowych. Najsilniejsze dziatanie zaobserwowano w przypadku komorek
przerzutowych raka jelita grubego SW620, ktére okazaly si¢ najbardziej wrazliwe
sposrdd wszystkich badanych linii komoérek nowotworowych. Najnizsza warto$¢ ICso
(1,5 puM) uzyskano dla pochodnej 3,4-dichlorofenylotiomocznika (2). Natomiast
pochodne zawierajace atomy chloru (2 i 5) oraz pochodna 4-(trifluorometylo)fenylowa
(8) skutecznie hamowaty wzrost pierwotnej linii komorkowej raka jelita grubego SW480.
Z kolei dla komoérek K-562 zaobserwowano istotny efekt cytotoksyczny w przypadku
dichloropochodnych 1 i 2. Komorki raka prostaty okazaly si¢ najmniej podatne na
dziatanie zwigzkéw tiomocznikowych. Pochodna 4-(trifluorometylo)fenylowa (8)
wykazata najwyzszg cytotoksycznos$¢ wobec tej linii komorkowej, osiggajac wartos¢ 1Cso
rowng 6,9 uM.

Istotng cecha, ktérag powinien charakteryzowaé si¢ dobry chemioterapeutyk jest
nietoksyczno$¢ wobec zdrowych komorek. W celu pordéwnania cytotoksycznosci
badanych zwigzkéw wobec komorek nowotworowych z cytotoksycznosciag wobec
komorek prawidtowych zastosowano indeks selektywnosci (SI), wyrazony stosunkiem
ICso dla normalnej linii komorkowej / ICso dla linii komérek nowotworowych. Warto$ci
wskaznika selektywnosci (SI) wieksze niz 1 sg uznawane za korzystne, poniewaz
wskazuja na to, ze substancja dziala cytotoksycznie wybidrczo na komorki
nowotworowe, oszczedzajac tym samym komorki zdrowe. Biorgc pod uwage powyzsza
informacje  zaobserwowalam, ze zwiazki o  najsilniejszej  aktywnoSci
przeciwnowotworowej (1-4, 8, 9) wykazywaly korzystny indeks selektywnosci

mieszczacy si¢ w zakresie od 1,3-10,7, co wynikato z niskiej cytotoksycznosci wobec
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prawidlowych komorek linii HaCaT. Warto rowniez zauwazyé¢, ze cho¢ zaden z
testowanych zwigzkow nie doréwnat skutecznosciag doksorubicynie, najbardziej
efektywne z nich wykazywaty korzystniejszy profil cytotoksycznosci w poréwnaniu z
cisplatyng oraz wyzsze wskazniki selektywnosci w zestawieniu z tradycyjnymi
chemioterapeutykami. Wyniki te sugeruja obiecujacy potencjat badanych zwigzkow w
leczeniu nowotwordéw oraz mozliwo§¢ zwigkszenia bezpieczenstwa i efektywnosci
terapii.

Wstepna ocena cytotoksycznosci nowo zsyntetyzowanych pochodnych tiomocznika
pozwolita na  wyselekcjonowanie  zwigzkow o  najlepszym  potencjale
przeciwnowotworowym (1-3, 8, 9) i przekierowanie ich do dalszych badan nad
mechanizmem aktywnosci przeciwnowotworowej. Zgodnie z dobrymi praktykami
prowadzenia badan cytotoksycznych, w pierwszej kolejnosci potwierdzitam wyniki testu
MTT dla pochodnych tiomocznika testem zywotnosci TB (trypan blue). Barwienie
bigkitem trypanu wykorzystywane jest do oceny liczby i zywotnosci komorek
nowotworowych oraz prawidlowych, ktore zostaly poddane dzialaniu testowanego
zwiazku [36]. Test TB opiera si¢ na badaniu integralnosci blony komoérkowej, poniewaz
trwale uszkodzenia btony komorkowej prowadza do $§mierci komorki. Bigkit trypanu nie
wnika do zywych komorek, natomiast przenika do komoérek martwych z uszkodzona
btong komdrkowa, barwiac je na niebiesko. Analiza otrzymanych danych pokazala, ze
najbardziej efektywna okazata si¢ 3,4-dichlorofenylowa pochodna 2, redukujac liczbe
komorek pierwotnego 1 przerzutowego raka jelita grubego o okoto 93%. Jednoczesnie
zwigzek 2 wykazal najsilniejsze wiasciwosci cytotoksyczne, obnizajac zywotnos¢
komorek SW480 1 SW620 o odpowiednio 48% 1 54%. Nieco mniejsza skuteczno$¢
zaobserwowalam w przypadku pochodnych 1 oraz 9 wzgledem komoérek SW480 oraz 1,
8 1 9 wobec linii SW620. Komorki raka prostaty oraz przewleklej bialaczki szpikowej
okazaly si¢ najmniej wrazliwe na dziatanie badanych zwigzkéw. Pochodne 3 oraz 9
wykazaly najsilniejszy efekt cytotoksyczny w komorkach PC3, natomiast analog 2 w
komorkach K562. Warto podkresli¢, ze badane zwigzki nie zmieniaty liczby oraz
zywotnosci komorek prawidtowych HaCaT, poza pochodng 2, ktéra obnizata oba
parametry, jednak w mniejszym stopniu niz w komoérkach nowotworowych.
Zmniejszona zywotnos¢ komoérek nowotworowych poddanych dziataniu wybranych
pochodnych sklonita mnie do blizszego przyjrzenia si¢ mechanizmom $mierci
komorkowej: apoptozie i nekrozie. Apoptoza nazywana programowang $miercig komorki

jest uporzadkowanym 1 S$cisSle regulowanym procesem umozliwiajagcym eliminacje
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nieprawidtowych komoérek. Komodrka apoptotyczna jest obkurczona, a jej btona
komorkowa jest zachowana, dzigki czemu nie dochodzi do indukcji stanu zapalnego [37].
Mimo, ze apoptoza jest nazywana ,,cichg $miercig” komorki, w koncowym etapie tego
procesu moze dochodzi¢ do przerwania cigglosci blony komodrkowej 1 wycieku
zawarto$ci komorkowej na zewnatrz. Tymczasem nekroza polega na przerwaniu
cigglosci  blony cytoplazmatycznej komorki spowodowanym  nadmiernymi
uszkodzeniami pochodzenia egzogennego, co moze prowadzi¢ do masywnego odczynu
zapalnego [38]. Stosujac metode cytometrii przeptywowej ocenitam zdolno$¢ badanych
zwigzkow do indukcji wezesnej lub pdznej apoptozy badz nekrozy w testowanych liniach
komoérkowych. Badane pochodne zastosowane w stg¢zeniach rownych ich warto§ciom
ICso, wywotywaty znaczne nasilenie pdznych etapdéw apoptozy lub nekrozy w komodrkach
nowotworowych, w porownaniu z grupa kontrolng. Efekt aktywacji apoptozy byt
najsilniejszy w komoérkach SW480, SW620 i K-562, a najwyzszg aktywno$¢ wykazano
dla pochodnej tiomocznika 2, a nastepnie jego analogbw 1 i 8. Pochodna
dichlorofenylowa 2 oraz trifluorometylowa 8 wykazywaly bardzo wysoki odsetek
komorek SW480 w pdznej apoptozie oraz nekrozie (odpowiednio 95% 1 97%). Podobny
rezultat uzyskano w komorkach SW620 traktowanych pochodng 2. Tymczasem komorki
K-562 byly najbardziej podatne na dziatanie zwigzkéw 1 oraz 2, ktore indukowaty
gléwnie p6zng apoptoze. Sposrdd linii nowotworowych najmniej wrazliwe okazaty sie
komorki raka prostaty PC3. Jedynie zwiazek 8 wykazat najlepszy proapoptotyczny efekt,
aktywujac zarowno wczesng jak 1 pdzng apoptozg. Odsetek komorek
apoptotycznych/nekrotycznych byt stosunkowo niski w komdérkach HaCaT traktowanych
zwigzkami 1, 8 1 9. Wyzsze warto$ci obserwowano po inkubacji z pochodnymi 2 i 3,
jednakze oba zwiazki wykazywaty wysoka selektywnos¢ w stosunku do wybranych linii
nowotworowych (pochodna 2 wobec komérek SW480, SW620 oraz K-562, natomiast
zwigzek 3 wobec komorek PC3 1 SW620).

Powszechnie wiadomo, ze komodrki nowotworowe wyrozniaja si¢ zdolnoscig do
zapewniania sobie stalych sygnalow wzrostowych [39]. Wytwarzaja i uwalniajg rdézne
cytokiny oraz posiadaja receptory powierzchniowe, w tym receptory dla cytokin, ktore
nie wystepuja na komorkach, z ktoérych pochodzg. Dodatkowo, komorki
mikro§rodowiska guza wydzielajg duze ilosci czynnikow wzrostowych, ktore
parakrynnie wptywaja na komoérki nowotworowe. Jedng z takich substancji jest
prozapalna interleukina-6 (IL-6). Udowodniono, ze IL-6 bierze udzial w progres;ji

nowotworow poprzez stymulacj¢ proliferacji oraz angiogenezy, a takze wzrost
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chemoopornosci komorek nowotworowych [40]. PodwyzZszone st¢zenie IL-6 stanowi
niekorzystny czynnik prognostyczny w wielu nowotworach, takich jak rak jelita grubego,
piersi, prostaty, skory oraz biataczki [41]. Zatem pozadang cechg zwigzkow
ograniczajagcych rozwdj nowotworu jest zmniejszenie st¢zenia cytokiny IL-6 w
komorkach nowotworowych. Oznaczanie aktywnosci interleukiny 6 wykonatam technikg
immunoenzymatyczng, wykorzystujaca specyficzne przeciwciata wigzace IL-6.
Najsilniejszy efekt hamujacy uwalniania IL-6 odnotowatam dla pochodnej 2 zarowno w
komorkach raka jelita grubego pierwotnego 1 przerzutowego (o odpowiednio 54% 1 63%).
Natomiast w komoérkach raka prostaty to zwigzek 3 okazal si¢ najbardziej skuteczny,
hamujac uwalnianie IL-6 0 33%.

Uzyskane dane pozwolity na analize zalezno$ci miedzy struktura a aktywnos$cig
cytotoksyczng badanych zwigzkow (Ryc. 2). Zaobserwowatam, ze najbardziej wyrazny
efekt cytotoksyczny zwigzany byt z obecnoscia dwoch atomow chlorowca w pierscieniu
aromatycznym, w ktorym atomy chloru (2, 3) lub fluoru (1) znajdowatly si¢ w pozycji
para. W przypadku pochodnych monopodstawionych, najbardziej aktywne byty
pochodne trifluorometylowa (8) i chlorowa (9). Zastgpienie atomu chloru bardziej
elektroujemnym atomem fluoru okazalo si¢ mniej korzystne w przypadku pochodnych
dwupodstawionych (2 — 1), a jeszcze mniej zadowalajacy efekt uzyskatam w przypadku
pochodnych monopodstawionych (9 — 11). Zauwazylam rowniez znaczacy spadek
aktywnosci cytotoksycznej, gdy atom halogenu zostat zastapiony grupa metylowa (5, 6).
W grupie dichloropochodnych, najbardziej cytotoksyczny profil wykazywata pochodna
3.,4-dichlorofenylowa 2. Zmiana potozenia drugiego atomu chlorowca z pozycji 4 na 3
(zwiazki 3 1 4) prowadzila do stopniowego zmniejszenia aktywnosci biologicznej
czasteczki. Z drugiej strony, przeniesienie grupy CF3 z pozycji orto (7) w pozycj¢ para
(8) wptyneto na wzrost aktywnosci zwigzku. Zastapienie grupy CF3 atomem chloru (8 —
9) nie zmienito znaczaco efektywnosci zwigzku, natomiast zamiana na grupe¢ nitrylowag
(10) lub atom bromu (11) znacznie ostabita obserwowany efekt przeciwnowotworowy.
Wprowadzenie grupy fenyloetylowej (12) do struktury pochodnej tiomocznika
prowadzilo do gwaltownego zmniejszenia bioaktywnosci zwigzku.

Podsumowujac uzyskane wyniki badan dla serii 3-trifluorometylofenylowych
pochodnych stwierdzitam, ze zwigzki 1, 2, 3, 8 oraz 9 wykazywaly najsilniejszy efekt
cytotoksyczny oraz najwigkszg selektywnos$¢ wobec linii nowotworowych, zwlaszcza
pierwotnego 1 przerzutowego raka jelita grubego, ktére wyrdzniaty si¢ najwigksza

wrazliwoscig na badane zwigzki. Z tej niewielkiej grupy wybralam dwa zwigzki o
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najsilniejszych wilasciwosciach przeciwnowotworowych: dichloropochodng 2 oraz 4-
trifluorometylowg pochodng 8. Charakteryzowaty si¢ one najnizszymi warto$ciami ICso
wobec badanych linii komérkowych oraz najwyzszymi wskaznikami SI. Wyniki
poglebionych badan nad mechanizmami aktywnosci cytotoksycznej tych zwigzkow

zostaty zebrane i opisane w kolejnym artykule.

SW620
............................... 3-Cl, 4-CI- > 2-Cl, 4-Cl- > 4-Cl- > 4-CF - > 3-Cl, 4-F-
CF; :
[K562 j
i | 3-Cl, 4-Cl- > 3-Cl, 4-F- > 4-Cl-
o
NH 'NH 4-CF,- > 3-Cl, 4-Cl-
PC3
4-CF,-
Ryc. 2.  Zalezno$¢  struktura -  aktywno$¢  dla  pochodnych  3-

(trifluorometylo)fenylotiomocznika (P1, P2).

Publikacja 2

Prowadzenie wstepnych testow przesiewowych pozwala wyodrebni¢ sposrod duzej puli
zwiazkow te, ktore posiadajg potencjat cytotoksyczny i mogg by¢ dobrymi kandydatami
do stosowania w terapii przeciwnowotworowej, zarowno samodzielnie, jak 1 w leczeniu
skojarzonym z innymi cytostatykami. Z tego wzgledu kolejnym etapem badan jest
wyodrebnienie $ciezek metabolicznych zaangazowanych w progresj¢ nowotworéw, na
ktore wptywaja testowane zwigzki. To pozwala pozna¢ mechanizmy bioaktywnosci 1

zaplanowac kolejne etapy juz bardziej zaawansowanych badan in silico 1 in vivo.

Aby potwierdzi¢ wykazane wcze$niej dziatanie proapoptotyczne zwigzkoéw 2 1 8, a takze
sprawdzi¢ $ciezke indukcji apoptozy, zbadatam aktywnos$¢ kluczowych proteaz w tym
procesie - kaspaz 3/7. Wsrdd tej grupy enzymoéw, kaspaza 3 jest gléwng kaspaza
wykonawcza, ktéra bierze udziat w rozktadzie wielu biatek np. topoizomerazy I czy
STAT-1, a takze w kondensacji chromatyny czy degradacji DNA [42]. Kaspaza-3
odgrywa istotng role w apoptozie indukowanej przez leki cytotoksyczne, radioterapi¢ lub

immunoterapi¢, co czyni ja wiarygodnym wskaznikiem skutecznos$ci terapii
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przeciwnowotworowej [43, 44]. Obie pochodne tiomocznika zwigkszaty aktywnos$¢
kaspaz 3/7 w liniach komorek nowotworowych, nie wykazujac wptywu na ich aktywnos¢
w prawidtowych komorkach HaCaT. Warto zauwazy¢, ze zwigzek 2 wykazywat 1,3-2-
krotnie wigkszy potencjat do aktywacji tych enzymow niz zwiazek 8, a obserwowane
zmiany korelowaly z wcze$niejszymi wynikami uzyskanymi metoda cytometrii
przeplywowej. Zatem aktywacja tych enzymow moze wskazywac na ich udziat w
procesie apoptozy indukowanej przez badane pochodne tiomocznika.

Komorki nowotworowe posiadajg roznorodne mechanizmy ochrony przed apoptoza, co
sprawia, ze s3 odporne na czynniki wywolujace ich $mier¢ [45]. W efekcie prowadzi to
do ograniczonej skuteczno$ci terapii przeciwnowotworowych. Jednym z takich
mechanizmow jest zwickszone st¢zenie reaktywnych form tlenu (RFT) wynikajace ze
zmienionego metabolizmu, hipoksji, przewleklego stanu zapalnego badz mutacji [46].
Takie warunki sprzyjaja procesom proliferacji, angiogenezy i migracji komorek
nowotworowych [47]. Jednak z drugiej strony powoduja one zwigkszenie wrazliwosci
komorek na czynniki zewngtrzne, takie jak zwigzki cytotoksyczne [48]. Zastosowanie
chemioterapeutykdw generujacych reaktywne formy tlenu moze skutkowad
przekroczeniem poziomu granicznego RFT oraz zniszczeniem mechanizmow
adaptacyjnych, takich jak obrona antyoksydacyjna, doprowadzajac do indukcji $mierci
komorek nowotworowych. Aby sprawdzi¢ czy badane pochodne tiomocznika wykazuja
zdolno$¢ do wytwarzania RFT, zbadatam ich poziom metoda spektrofluorometryczna,
wykorzystujac CelROX® Green Reagent. Oba badane zwigzki wykazywaly selektywne
dziatanie wobec komorek nowotworowych, nie wpltywajac na poziom wolnych rodnikow
tlenowych w prawidtowych komoérkach HaCaT. Pochodna 2 dwukrotnie zwigkszyta ilo$¢
utworzonych reaktywnych form tlenu zarowno w komorkach raka jelita grubego SW480
oraz SW620, a takze w komoérkach przewleklej biataczki szpikowej K562. Natomiast
pochodna 8 okazata si¢ by¢ skuteczniejszym prooksydantem w komoérkach raka prostaty,
gdzie rowniez dwukrotnie podwyzszyta poziom RTF. Kolejnym waznym mechanizmem
biorgcym udzial w procesie onkogenezy oraz progresji nowotworu jest zwigkszona
ekspresja czynnika transkrypcyjnego NF-kB. Stala aktywacja NF-xB zostata
zaobserwowana w wielu typach guzéw litych takich jak rak piersi, trzustki, jelita grubego,
phuc, prostaty oraz w nowotworach hematologicznych (chtoniaki, biataczki) [49]. Rola
tego czynnika transkrypcyjnego w komorkach nowotworowych polega na dziataniu
antyapoptotycznym, stymulacji proliferacji, angiogenezy, przerzutowania oraz wzroscie

chemio- 1 radioopornosci, stad obecne podej$cia terapeutyczne koncentrujg si¢ na
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hamowaniu jego aktywacji [50]. W celu oceny wpltywu wybranych pochodnych
tiomocznika (2 i 8) na aktywacje¢ czynnika NF-kB, przeprowadzono test ELISA (NF-xkB
p65 Total/Phospho). Test ten opiera si¢ na aktywacji NF-kB w wyniku fosforylacji, co
oznacza, ze wyzszy stosunek fosforylowanej formy do catkowitej ilosci NF-xB §wiadczy
o zwigkszonej aktywacji tego czynnika transkrypcyjnego.

Analiza wynikoOw pokazata, ze obydwie pochodne tiomocznika wykazaty dziatanie
hamujace aktywacje NF-xB w komoérkach nowotworowych, podczas gdy w
nienowotworowych komorkach HaCaT nie zaobserwowano takiego efektu. Najsilniejszy
spadek aktywno$ci NF-kB, o 63%, zaobserwowano w komoérkach raka prostaty po
inkubacji z pochodng 2. Natomiast zwigzek 8 zmniejszyt aktywnos$¢ tego czynnika
transkrypcyjnego o 34% w pordéwnaniu z kontrolg. Redukcja aktywnosci NF-kB w
komorkach biataczki byla podobna dla obu zwigzkow 1 wynosila okoto 30%. Zblizony
efekt hamujacy zaobserwowano takze w pierwotnych (SW480) oraz przerzutowych
(SW620) liniach komorek raka jelita grubego. Uzyskane wyniki sg obiecujace, biorac pod
uwage roznokierunkowa, lecz negatywng funkcje NF-xB w rozwoju nowotworu. Aby
komorka nowotworowa mogta wzrastac, rozprzestrzenia¢ si¢ i tworzy¢ przerzutowe
kolonie w odleglych miejscach organizmu potrzebny jest proces angiogenezy [51]. W
procesie tym bierze udzial wiele angiogennych czynnikoéw wzrostu, wydzielanych przez
komorki nowotworowe, w tym naczyniowo-§rodbtonkowy czynnik wzrostu (VEGF).
Nadmierna ekspresja VEGF jest zwigzana z bardziej agresywnymi i przerzutowymi
typami nowotworéw. Co ciekawe, dane literaturowe wskazuja VEGF jako istotny
czynnik progresji nowotworéw hematologicznych, indukujac odpowiedzi mitotyczne,
inicjujagc  wzrost, wspierajac przezycie 1 migracje, a takze zwigkszajac zdolno$é
samoodnowy progenitorowych komorek biataczkowych [52, 53]. Wlasciwosci anty-
angiogenne badanych pochodnych tiomocznika sprawdzitam testem ELISA, badajac ich
zdolno$§¢ do hamowania sekrecji VEGF we wszystkich testowanych liniach
komorkowych. Oba zwigzki zmniejszaly wydzielanie VEGF, w szczegdlno$ci w
komorkach PC3 (od 55 do 68%) oraz K-562 (o 55%), a w mniejszym stopniu w
pierwotnym i przerzutowym raku jelita grubego (od 18 do 46%). Podobnie, hamujacy
wpltyw na proces angiogenezy uzyskano dla pochodnych tiomocznika, syntetyzowanych
na bazie klinicznie stosowanego sorafenibu. Zwigzki te hamowaty aktywno$¢ receptora
VEGF (VEGFR2) m.in. w liniach komérkowych biataczki i niedrobnokomdrkowego
raka ptuca A549 [54, 55]. Wptyw badanych pochodnych tiomocznika na zahamowanie

procesu angiogenezy, zwlaszcza w przerzutowych liniach PC3 oraz SW620 jest
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szczegblnie istotny, gdyz proces ten jest kluczowy dla migracji i inwazji komorek
nowotworowych, przyczyniajac si¢ do zwigkszenia $miertelnosci. W zwiazku z tym
hamowanie procesu angiogenezy za pomocg pochodnych tiomocznika moze stanowic
skuteczng strategie poprawy skutecznos$ci terapii nowotworowe;.

Zmiany metaboliczne w komodrkach nowotworowych np. efekt Warburga czy
glutaminoliza, odgrywaja kluczowa role zaréwno w procesie kancerogenezy, jak i
progresji nowotworu, wpltywajagc na rozne procesy komorkowe, takie jak wzrost,
autofagia, apoptoza oraz opornos¢ na leczenie [56]. Zatem powstato pytanie, czy nowo
zsyntetyzowane zwigzki zmieniajg profil metaboliczny komoérek nowotworowych.
Dlatego kolejnym celem moich badan bylo przeprowadzenie analizy metabolomicznej
przy uzyciu spektrometrii mas we wspolpracy z dr Andrzejem Ciechanowiczem z
Zaktadu Medycyny Regeneracyjnej WUM, dziatajacego w ramach Centrum Badan
Przedklinicznych CEPT WUM. Identyfikacja zwigzkéw za pomocg programu
MetaboAnalyst 5.0 i bazy KEGG wykazata istotne zmiany w szlakach metabolicznych w
komorkach nowotworowych, takich jak przemiany kwasu arachidonowego, steroidow,
sfingolipidow 1 pirymidyn. Najbardziej istotne zmiany zaobserwowano w linii
przerzutowego raka jelita grubego (SW620) i dotyczyly one obnizenia poziomu kwasu
arachidonowego 1 oleinowego, a takze hormondéw steroidowych: testosteronu,
androsteronu i kortyzonu. Wptyw hormon6éw na progresj¢ nowotworu okreznicy (CRC)
jest zroznicowany. Podczas gdy glikokortykoidy oraz androgeny moga sprzyjac¢
rozwojowi procesu nowotworowego, estrogeny 1 progesteron wykazujg dzialanie
hamujace [57-59]. Obecne w mikrosrodowisku guza glikokortykoidy moga modulowac
komponenty odpowiedzi immunologicznej 1 przeciwnowotworowej, Sprzyjajac
immunosupresji 1 umozliwiajac nowotworowi skuteczne omijanie mechanizméw
nadzoru immunologicznego [60]. Tymczasem kwas arachidonowy (AA) wykazuje
zardbwno pro-, jak i1 antynowotworowg aktywno$¢. Z jednej strony moze pehnicé rolg
sygnatu apoptotycznego regulujac procesy apoptozy [61]. Z drugiej strony AA ulega
metabolizmowi, prowadzac do produkcji prostaglandyn (PG), z ktérych wiele, zwlaszcza
PGE2, gromadzi si¢ i sprzyja stanom zapalnym oraz progresji nowotworu [62]. Jednakze
w naszych badaniach pochodna 8 podwyzszata poziom prostaglandyny D2 w komdérkach
SW620. Prostaglandyna D2 (PGD2) wydaje si¢ hamowaé progresje¢ nowotworu,
ograniczajac rozw0j gruczolakoraka zoladka na drodze hamowania szlaku
aktywowanego przez receptor gamma proliferatora peroksysomow (PPARy) oraz

regulacje mikrosrodowiska guza, co zmniejsza nadmierne reakcje zwigzane z
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przepuszczalno$cig naczyn i produkcja TNF-a (czynnika martwicy nowotworow-a) [63,
64]. Niemniej jednak nadal prowadzone sa badania majace na celu jednoznaczne
okreslenie jej roli w CRC. Natomiast podwyzszony poziom argininy po ekspozycji
komorek SW620 na zwigzek 2 moze mie€ przeciwstawny skutek. Z jednej strony arginina
1 jej metabolity, takie jak poliaminy i tlenek azotu (NO), sg niezbedne w rozwoju
nowotworow [65]. Z drugiej strony arginina jest kluczowa dla proliferacji, réznicowania
1 przezycia naciekajacych limfocytow T (TILs). Zatem zwigkszenie poziomu argininy i
zahamowanie jej metabolitow moze zahamowal progresj¢ nowotworu poprzez
wzmocnienie odpowiedzi immunologicznej. Pochodna 2 zainicjowala korzystne zmiany
w pierwotnych komorkach raka jelita grubego, a mianowicie obnizony poziom
sfingozyny 1 sfinganiny. Metabolit sfingozyny, sfingozyno-1-fosforan (S1P), odgrywa
kluczowa rol¢ w procesach zwigzanych z nowotworzeniem, takich jak stany zapalne i
tworzenie nowych naczyn krwiono$nych [66, 67]. Modulatory sfingolipidowego szlaku
sygnatowego moga wiec stanowi¢ dobry punkt uchwytu dla nowych terapii
przeciwnowotworowych.

Z kolei profil metaboliczny komodrek PC3 zmieniat si¢ w zaleznosci od zastosowanego
zwiazku. Po ekspozycji komorek ze zwigzkiem 2 odnotowano wzrost poziomu 5-HETE
oraz spadek stezenia androsteronu i sfingozyny. Natomiast po zastosowaniu zwigzku 8
ich poziomy byly wyzsze, a jedynym zaobserwowanym spadkiem byta ilo$¢
deoksyrybozy. Sugeruje to, ze dzialanie zwiazku 2 moglo prowadzi¢ do bardziej
korzystnych zmian metabolicznych, zmniejszajgc ilo§¢ metabolitow kluczowych w
progresji nowotworu [68]. Tymczasem w komodrkach biataczkowych po inkubacji ze
zwigzkiem 8 zaobserwowano zwigkszong aktywno$¢ metabolizmu sfingolipidow,
cholesterolu i hormonéw steroidowych, co moze sprzyja¢ dalszemu rozwojowi
nowotworu [69].

Analiza metabolomiki wykazata, Zze pochodne tiomocznika ujawnily znaczace 1
interesujace zmiany w komorkach przerzutowego raka jelita grubego. Zatem w kolejnym
etapie oceniono cytotoksyczno$¢ obu zwigzkéw w trojwymiarowej hodowli komorkowe;j
SW620. Hodowle komdrkowe 3D to modele, ktore lepiej odwzorowuja warunki panujace
w guzie nowotworowym 1 mikrosrodowisku niz tradycyjne hodowle 2D [70]. W
badaniach cytotoksyczno$ci zwigzkoéw sg one bardziej precyzyjne, poniewaz komorki w
hodowlach 3D lepiej odzwierciedlaja dostep do substancji odzywcezych i leku. Modele te
pozwalaja bada¢ interakcje miedzykomorkowe i mikrosrodowisko, co jest wazne przy

ocenie terapii przeciwnowotworowych. Oceng zywotnosci komorek analizowano za
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pomoca mikroskopu konfokalnego FV10-ASW 4.2 Olympus oraz programu Image].
Badania przeprowadzone we wspotpracy z dr Jarostawem Szczepaniakiem z Katedry
Patologii 1 Diagnostyki Weterynaryjnej Instytutu Medycyny Weterynaryjnej SGGW
wykazaty, ze zwigzek 2 wykazat silniejszy efekt cytotoksyczny niz zwigzek 8, co
potwierdzono wyzszg intensywnoscig fluorescencji (FI) jodku propidyny. Analiza F1 przy
uzyciu programu Image] wykazala 73% spadek zywotnosci komorek SW620 po
inkubacji ze zwigzkiem 2, w poréwnaniu do 85% w grupie kontrolnej. Natomiast odsetek
zywych komoérek SW620, eksponowanych na dziatanie zwigzku 8, zmniejszyt si¢ o 16%.
Co istotne, zywotnos$¢ sferoidow SW620 eksponowanych na dziatanie zwigzku 2 byla
znacznie nizsza niz w hodowli 2D, co sugeruje potencjalnie korzystny profil

biodostepnosci zwigzku 2.

Podsumowujac, nasze badania potwierdzily anty-apoptotyczne wlasciwosci obu
pochodnych tiomocznika, obserwowane przez zwickszong aktywacj¢ kaspaz 3/7.
Podwyzszone stezenie reaktywnych form tlenu badz zahamowanie aktywacji czynnika
transkrypcyjnego NF-«kB moze prowadzi¢ do indukcji programowej $§mierci komorki. Z
kolei, obnizony poziom NF-kB moze przyczynia¢ si¢ do spadku wydzielania VEGEF,
istotnego czynnika biorgcego udzial w procesie angiogenezy. Co wazne, analiza
metabolomiczna wykazala najbardziej istotne zmiany w komorkach przerzutowych raka
jelita grubego SW620. Otrzymane wyniki sg obiecujace, zwazywszy na fakt, ze zaistniate
zmiany sa w wigkszo$ci efektywne dla supresji nowotworu i dotycza linii przerzutowych,
ktore cechuje wigksza ztosliwos¢ 1 opornos$¢ na leczenie. Oba zwigzki indukowaly tez
korzystne zmiany w profilu metabolicznym w komorkach pierwotnego raka jelita
grubego, a zwigzek 2 takze w komorkach przerzutowego raka prostaty. Tymczasem w
komorkach przewlektej biataczki szpikowej K-562, zmiany w profilu lipidowym
korzystne dla progresji nowotworu moga skutkowa¢ gorsza odpowiedzig na dziatanie
pochodnych 1 dawac¢ stabszy efekt w testach cytotoksycznosci. Warto réwniez podkreslic,
ze cytotoksyczny charakter obu zwigzkdéw zostat potwierdzony w hodowli 3D komorek
SW620, ktora odzwierciedla naturalne mikrosrodowisko rozwoju nowotworu. Pochodna
2 wykazywata wigkszy spadek zywotnosci sferoidow w porownaniu do hodowli 2D, co
moze wskazywac na korzystny profil biodostgpnosci tego zwigzku. Nasze badania
wykazaty, ze badane pochodne 2 1 8 wykazuja wysoki potencjat przeciwnowotworowy 1
mogg by¢ stosowane w terapii onkologicznej, tym bardziej, ze zachowuja dobry poziomu

bezpieczenstwa dla komoérek prawidtowych.
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Publikacja 3

Obiecujace wyniki dotychczas przyprowadzonych badan skionity mnie do dalszego
poszukiwania nowych  pochodnych tiomocznika o  wysokim potencjale
przeciwnowotworowym. W tym celu wykonalam badania aktywnos$ci biologicznej
kolejnej serii zwigzkow, ktora obejmowata 16 nowych pochodnych difenylotiomocznika
o réznorodnej strukturze, zsyntetyzowanych réwniez przez dr hab. n. farm. Anng¢
Bielenice w Katedrze 1 Zaktadzie Biochemii WUM. Pierscienie aromatyczne amin (R1)
stanowily glownie podstawione pochodne benzenu, jak roéwniez heterocykliczny uktad
karbazolu (Tabela 2). Wlaczenie pochodnych karbazolowych, ktore zostaty opisane jako
cytotoksyczne [71], miato na celu porownanie wlasciwosci biologicznych czasteczek
zawierajacych skondensowane pierScienie heterocykliczne (2a, 2b) z pochodnymi
bifenylowymi (4a) oraz fenylotiomocznikowymi (la, 3a, 3b, 5a-5j). PierScienie
fenylowe badanych pochodnych zawieraty roznorodne podstawniki (R»), takie jak -CF3,
-NOz, -OCHjs, -CN czy atomy chlorowca. Jak wskazuja dane literaturowe, obecnos¢ grup
silnie (-NO», -CF3, -CN) lub stabo (-F, -Cl, -Br, -I) elektronoakceptorowych, a takze
podstawnika o charakterze elektronodonorowym (-OCH3), ma decydujacy wplyw na

aktywno$¢ biologiczng pochodnych tiomocznika.

Tabela 2. Struktura badanych pochodnych tiomocznikowych (praca P3)

NH _NH R,
~ =
<
NS
Zwiazek R1 R2
Br Cl
la 3-CF;
cl
2a CoHs 3-Cl-4-F

2b 3-Cl-4-Cl
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3a NO, 2-CI-3-Cl
Cl
3b 2-CH3-3-Cl
5a 3-CF3
5b 3-Cl-4-F
Sc 3-Cl-4-Cl
5d CN 2-Cl-4-Cl
Se 2-CI-3-Cl
5f 2-Cl
S5¢g 4-Cl
5h 3-Br
5i 4-Br
5j 4-1
CF3
4a >~NH
aasases:
H3CO OCH3

W celu analizy 1 porownania wiasciwosci przeciwnowotworowych nowych zwigzkow z
pochodnymi  3-(trifluorometylo)fenylotiomocznika (prace P1 1 P2), badania
przeprowadzitam na tych samych liniach komoérkowych guzéw litych (SW480, SW620,
PC3), nowotworze hematologicznym (K-562) oraz na prawidlowych keratynocytach
(HaCaT). Opierajac si¢ na analizie cytotoksyczno$ci nowej serii zwigzkow, wykonanej z
wykorzystaniem testu MTT, wytypowalam  siedem pochodnych o najwyzszej
aktywnosci przeciwnowotworowej (ICso<10 pM) wobec przynajmniej jednej linii
komorkowej. Zwiazki l1la oraz 3a wykazaly najszersze dziatanie cytotoksyczne,
obserwowane wobec trzech linii komorkowych: pierwotnego 1 przerzutowego raka jelita
grubego (SW480, SW620) oraz biataczki K-562. Natomiast pozostale badane pochodne
byty bardziej selektywne w stosunku do jednej linii komdrkowej: 3b 1 5j do SW480, 5d
do PC3, 2b 1 4a wobec K-562. Linie komérkowe SW480 oraz K-562 okazaly si¢
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najbardziej wrazliwe na obecno$¢ pochodnych tiomocznikowych, podczas gdy komorki
raka prostaty PC3 charakteryzowaly si¢ wyzsza opornoscia. Warto podkresli¢, ze badane
analogi tiomocznika mialy mniejszg cytotoksycznos¢ wobec prawidtowej linii
komoérkowej HaCaT w poréwnaniu do wybranych lekow referencyjnych, doksorubicyny
i cisplatyny. Co wiecej, wiele zwigzkéw byto bardziej skutecznych wobec komorek
SW480 (1a, 3a, 3b, 5j), K-562 (2b, 3a, 4a) oraz PC3 (5d) niz standardowo uzywana
cisplatyna, z kilkukrotnie korzystniejszymi wskaznikami selektywnosci (SI) 1 nizszymi
warto$ciami 1Cso.

W kolejnym etapie badan przeanalizowatam zalezno$¢ miedzy uzyskanymi wynikami
cytotoksycznosci, a budowa badanych zwigzkow (Ryc. 3). Zauwazylam, ze pochodne 4-
bromo-2,6-dichlorofenylowa (1a) oraz 4-chloro-3-nitrofenylowe (3a, 3b) tworzyly
najbardziej cytotoksycznie aktywna grupe, skuteczng wobec trzech linii komoérek
nowotworowych: SW480, SW620 oraz K-562. Wprowadzenie grupy nitrylowej do
pierscienia benzenu w miejsce atomu chlorowca (1a — 5a, 3a — Se, 2b — 5¢) znaczaco
ostabilo efekt cytotoksyczny danej pochodnej. Wyjatek stanowily 2-chloro-4-chloro-
(5d) oraz 3-bromofenylopochodna (5h), aktywne wobec komorek PC3 1 K-562. Z kolei
zamiana atomu bromu (5i) na jod (5j) w pozycji para pierscienia fenylowego skutkowata
wzrostem cytotoksycznosci wobec komorek SW480. Wprowadzenie uktadu 9-etylo-9H-
karbazolu (2a) w miejsce pierScienia fenylowego doprowadzito do zmniejszenia
aktywnosci biologicznej. W tej grupie zwiazkow wysoka cytotoksycznos¢ wobec
komorek K-562 zaobserwowatam tylko dla dichlorofenylopochodnej 2b. Ponadto, biorac
pod uwage drugi fragment terminalny, dwupodstawione pochodne zawierajace co
najmniej jeden atom chloru (2b, 3a, 3b, 5d), jak rowniez analogi z podstawnikiem CF3;
w pozycji meta (1a, 4a), wykazywaly silne dziatanie cytotoksyczne. Obecno$¢ grupy 3-
CFs; warunkowata cytotoksyczno$¢ wobec komorek K-562 (1la, 4a, S5a) oraz
SW480/SW620 (1a, Sa), z wysokim wspotczynnikiem selektywnos$ci (SI) w stosunku do
komorek zdrowych. Porownujac jednopodstawione pochodne halogenofenylowe,
zauwazytam  wzrost cytotoksycznosci wobec  komoérek SW480 dla  4-
jodofenylopochodnej (5j) oraz wobec linii PC3 1 K-562 dla pochodnej 3-bromofenylowe;j
(Sh). W przypadku dwupodstawionych chlorowcopochodnych, obecno$¢ fragmentu 2,3-
dichlorofenylowego (3a) warunkowata najwyzsza aktywno$¢ wobec trzech linii

komorek.

35



Rozprawa doktorska mgr Pauliny Strzygi-Lach

K562

[ SW480

3-CF,> 4-1 > 2-CH,, 3-C1> 2-C, 3-C

J

K562
3-Cl, 4-Cl1 > 2-Cl, 3-Cl, 3-CF,

SW480

NH NH
| Y T
swezo PC3 S Vb (swe
S P 7@1 i | 2-c1,3-C1> 3-CF,
> [j > \[j > :

PC3
2-Cl, 4-C1

Ryec. 3. Zalezno$¢ struktura-aktywnos$¢ w grupie badanych pochodnych tiomocznika (P3)

Obecnie uznaje si¢, ze dobrymi kandydatami na leki przeciwnowotworowe sa takie
substancje, ktore wykazuja nie tylko wysoka aktywnos$¢ i selektywnos$¢, ale takze
odpowiedni profil farmakokinetyczny. Jednym z kluczowych parametréw w badaniach
nad projektowaniem lekow jest lipofilnos¢, wyrazona jako logP. Przyjmuje si¢, ze
optymalny zakres lipofilowosci dla biernej przenikalnos$ci przez btone wynosi od 1 do 3,
a nastgpnie rozszerza si¢ na bardziej lipofilowy przedziat od 3 do 5 [72]. Lipofilowos¢
dobrego, aktywnego leku powinna by¢ jednocze$nie wystarczajaco wysoka, aby
umozliwi¢ odpowiednig przenikalno$¢ przez btony biologiczne oraz wigzanie z celem
molekularnym, oraz na tyle niska, aby zapewni¢ rozpuszczalno$¢ w srodowisku wodnym
1 zapobiec niepozadanym wiasciwosciom leku. Pozwala to uniknag¢ nadmiernego
metabolizmu, silnego wiazania z bialkami osocza, aktywnoS$ci poza celem (off-target)
oraz gromadzenia si¢ leku w tkankach. Lipofilowos¢ silnie aktywnych pochodnych
tiomocznika, okreslona na podstawie wartosci iLogP, miescita si¢ w zakresie od 2,57 do
4,19, osiagajac wartos¢ optymalng 3,45 dla najbardziej aktywnej pochodne;j
trihalogenofenylowej 1a. Dla poréwnania, wartosci iLogP wszystkich mniej aktywnych
analogow 2-cyjanofenylotiomocznika byly nizsze 1 wynosity od 2,37 do 2,62. Uzyskane
parametry wskazuja na zasadno$¢ dalszych, bardziej zaawansowanych badan nad ich
terapeutycznym zastosowaniem.

Analiza cytotoksyczno$ci pozwolita na wyselekcjonowanie najbardziej obiecujacych
pochodnych (1a, 2b, 3a, 3b, 4a, 5d, 5j), ktore nastepnie poddano rozszerzonym badaniom
w celu okreslenia mechanizmow ich dziatania cytotoksycznego. Na poczatku oceniono
zdolnos¢ zwigzkow do indukowania apoptozy lub nekrozy w komorkach
nowotworowych i zdrowych metoda cytometrii przeptywowe;j. Badania te wykonano we
wspotpracy z dr Eweling Kiernozek z Zaktadu Immunologii Instytutu Biologii

Funkcjonalne; 1 Ekologii UW. Co ciekawe, najsilniejszy efekt proapoptotyczny

36




Rozprawa doktorska mgr Pauliny Strzygi-Lach

zaobserwowano w komorkach K-562. Sposrod badanych zwigzkow, halogenowane
pochodne 1a i 3a wykazywaly najwyzsza skutecznos¢ w indukcji wczesnej apoptozy (w
zakresie 82-89%), natomiast pochodne tiomocznika 2b i1 4a aktywowaly zar6wno
wczesne (od 34 do 40%), jak 1 p6zne (od 12 do15%) etapy tego procesu. Pochodna 1a
byta rowniez najbardziej aktywna w komodrkach SW480, zwigkszajac ich odsetek w
stadium nekrozy (ok. 20%). Z kolei pochodna Sd, jedyna wykazujaca dziatanie
cytotoksyczne w komorkach PC3, aktywowata proces poznej apoptozy (36%). Komorki
SW620 byty najmniej wrazliwe na obecnos¢ badanych zwigzkow 1a oraz 3a, ktore stabiej
indukowaty odpowiednio wczesng apoptoze i nekroze (<10%). Warto podkresli¢, ze
analizowane pochodne tiomocznika nie wywotywaly proceséw apoptotycznych w
prawidtowych komoérkach HaCaT. Co wigcej, indukowana przez te zwigzki w komorkach
nowotworowych apoptoza byla zalezna od kaspaz. Badanie aktywnosci kaspaz 3/7
przeprowadzono za pomoca testu Caspase Glo-3/7 na wszystkich liniach poza
komoérkami SW620, ktore wykazywaty staba podatno$¢ na apoptoze po inkubacji z
wybranymi pochodnymi. Najwigkszy, czterokrotny wzrost aktywnosci kaspaz 3/7
zaobserwowano w komoérkach SW480, inkubowanych z pochodng la. Wszystkie
testowane substancje zwigkszaty aktywnos¢ kaspaz 3/7 w komorkach biataczkowych K-
562, przy czym zwiazki 1a oraz 3a trzykrotnie. Aktywacja kaspaz w komoérkach HaCaT,
inkubowanych z badanymi pochodnymi tiomocznika, byta poréwnywalna do komoérek
kontrolnych w kazdym punkcie czasowym.

Badania in vitro pochodnych tiomocznika wykazaty podobne mechanizmy sprzyjajace
apoptozie, poprzez szybkie uwolnienie reaktywnych form tlenu (RTF), zaburzenie
potencjatu btony mitochondrialnej (MMP), uwolnienie cytochromu c, a nast¢pnie
aktywacje kaspaz 3/7/9 [11]. Apoptoza jest czgsto poprzedzona zmianami w profilu
cyklu komorkowego, dlatego kolejnym etapem naszych badan bylo przesledzenie
wptywu pochodnych tiomocznika na cykl komérkowy metoda cytometrii przeptywowej
z zastosowaniem barwienia jodkiem propidyny (PI). Zaobserwowatam, ze badane
zwiazki powodowaty zatrzymanie cyklu komérkowego w fazie GO/Gl w komodrkach
SW480, a takze w komodrkach K-562 inkubowanych z pochodng 3a. Faza G1 jest bardzo
istotng czgscig cyklu komoérkowego, poniewaz dostarcza sygnat, ktory umozliwia
komorce przej$cie do etapu podziatu komorkowego [73]. Z kolei, inkubacja komorek
K562 ze zwigzkiem 2b spowodowata zatrzymanie cyklu komorkowego w fazie G2/M.
Zahamowanie na tym etapie cyklu moze $wiadczy¢ o uszkodzeniach DNA Iub

zaburzeniach w formowaniu wrzeciona podziatowego [73]. Ponadto, wigkszos$¢

37



Rozprawa doktorska mgr Pauliny Strzygi-Lach

badanych pochodnych znaczaco zwigkszata populacje komorek nowotworowych w fazie
sub-G1, co wskazuje na ich dziatanie cytotoksyczne i indukcj¢ apoptozy. Podobne
rezultaty uzyskano dla wielu pochodnych tiomocznika, ktore hamujac cykl komérkowy
indukowaty programowg $mier¢ komoérki w komoérkach nowotworowych [21, 74].

W  poszukiwaniu potencjalnego inhibitora wydzielania IL-6, wybrane komorki
nowotworowe poddano dziataniu pochodnych tiomocznika w  stezeniach
odpowiadajacych ich ICso. We wszystkich przypadkach odnotowano istotne dziatanie
biologiczne. Dichlorofenylowa pochodna 3a wykazata znaczng aktywno$¢ hamujaca IL-
6 zardwno w pierwotnych komoérkach SW480 (o 65%), jak 1 przerzutowych komorkach
SW620 raka jelita grubego (o 73%). Podobng odpowiedz zaobserwowano w komoérkach
SW480 po zastosowaniu zwiagzku 5j (0 67%). Najwigkszy wptyw stwierdzono jednak w
przerzutowych komoérkach PC3, gdzie analog Sd pigciokrotnie obnizyl wydzielanie
interleukiny-6. Co ciekawe, w komorkach HaCaT zaobserwowano niewielki wzrost
stezenia tej cytokiny po inkubacji ze zwigzkami 3a, 4a i 5d. Jednak rola IL-6 w zdrowych
tkankach jest odmienna i moze mie¢ pozytywny charakter, co moze by¢ korzystne, na
przyktad w procesie wzrostu mies$ni lub ochronie komoérek skéry przed szkodliwymi
czynnikami §rodowiskowymi [75].

Dziatanie wielu lekéw przeciwnowotworowych opiera si¢ na zwickszaniu wytwarzania
reaktywnych form tlenu w komorkach poprzez rézne mechanizmy. Na przyktad, w
komorkach biataczkowych poddanych dziataniu tlenku arsenu (III) moze dochodzi¢ do
wycieku elektronow. Indukcja stresu w siateczce endoplazmatycznej zostata odnotowana
w przypadku celekoksybu w raku prostaty [32]. Co wigcej, skompleksowane pochodne
tiomocznika wykazywaty zdolno§¢ do zaburzania mechanizméw antyoksydacyjnych i
detoksykacyjnych w komoérkach nowotworowych [32]. Dlatego kolejnym etapem badan
byla ocena wplywu zwigzkéw na poziom RTF metoda spektrofluorometryczng, z
wykorzystaniem dihydrorodaminy (DHR-123), ktora opiera si¢ na RTF-zaleznym
utlenianiu zwigzkoéw do fluorescencyjnej formy utlenionej (rodamina-123). Poczatkowo
lo$¢ wolnych rodnikéw tlenu mierzona po 2 godzinach inkubacji byla poréwnywalna z
grupami kontrolnymi. Wyrazne r6znice w syntezie RTF w komorkach zaobserwowano
po 12-godzinnej inkubacji, przy czym poziomy te pozostaty stabilne do 24 godzin.
Najwigkszy (1,5-2-krotny) przyrost poziomu wolnych rodnikéw tlenowych odnotowano
w komorkach nowotworowych jelita grubego SW480 1 SW620 po 24-godzinnej inkubacji
z pochodnymi 1a, 3a i 5j. Co warte podkreslenia, pochodna tiomocznika 5j podwoita

poziom niestabilnych czasteczek tlenu w komorkach SW480, a zwigzek 3a byt
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szczegolnie skuteczny w przerzutowych liniach SW620. Ponadto wybrane pochodne (1a,
3a, 5d) zwickszaty gromadzenie reaktywnych form tlenu w liniach komoérkowych PC3 i
K-562 (o ok. 30%). Z kolei, zwigkszenie wytwarzania RTF w komodrkach HaCaT byto
najmniej zauwazalne, co odpowiada stabej indukcji apoptozy zaleznej od kaspaz, niskiej
cytotoksycznos$ci obserwowanej w tescie MTT oraz braku znaczacego wplywu na cykl
komoérkowy. Wyniki te jednoznacznie wskazuja na wilasciwosci prooksydacyjne
pochodnych tiomocznika, ktore skutecznie zwigkszaly poziomy rodnikow tlenowych w
komorkach nowotworowych, co potencjalnie moze prowadzi¢ do indukcji apoptozy.
Jednocze$nie testowane zwigzki wykazywaly minimalny cytotoksyczny wpltyw na
komorki prawidtowe.

Podsumowujac, wykonane przeze mnie badania wykazaty, ze zwiazki 1a, 2b, 3a, 3b, 4a,
5d 1 5j charakteryzowaly si¢ najwyzsza cytotoksyczno$cia wobec komorek
nowotworowych (ICso < 10,7 uM), konkurujgc tym samym z powszechnie stosowanym
cytostatykiem - cisplatyng. Wsrod nich pochodne 3b i 5j wykazaly selektywna
efektywnos¢ wobec komoérek SW480, natomiast analog Sd - wobec linii PC3,
jednocze$nie nie wywierajac wptywu na komorki prawidlowe. Badane pochodne
hamowaty wydzielanie IL-6 w komorkach raka jelita grubego SW480 oraz SW620, a
takze w komorkach prostaty PC3. Ponadto zwickszaly poziom wolnych rodnikéw, co w
polaczeniu z wcze$niej potwierdzonym ostabieniem obrony antyoksydacyjnej moze
dodatkowo nasila¢ efekt cytotoksyczny. Zmiany te moga prowadzi¢ do uszkodzen
struktur komorkowych, ktére sg w stanie wptywac na zahamowanie cyklu komérkowego.
Wykazatam, ze badane zwigzki zwigkszaty odsetek komorek nowotworowych w fazach
sub-Gl1 (1a, 3a, 5d), GO/G1 (3a) oraz G2/M (2b), co mogto wptyna¢ na indukcje procesu
wczesnej lub poznej apoptozy badz nekrozy. Pochodna dichlorofenylowa 3a oraz
monopodstawione pochodne 1a 1 5j s3a najbardziej obiecujacymi zwigzkami
przeciwnowotworowymi, a identyfikacja ich profilu dziatania wskazuje dalszy kierunek
poszukiwan potencjalnych substancji leczniczych, jak 1 uwidacznia nowe cele
terapeutyczne w walce z chorobami nowotworowymi, i to zarbwno guzami litymi jak i

nowotworem hematologicznym.

39



Rozprawa doktorska mgr Pauliny Strzygi-Lach

Kopie opublikowanych prac

40



pharmaceuticals

Article

Investigation of the Mechanisms of Cytotoxic Activity of
1,3-Disubstituted Thiourea Derivatives

Paulina Strzyga-Lach

check for

updates
Citation: Strzyga-Lach, P;
Chrzanowska, A.; Podsadni, K.;
Bielenica, A. Investigation of the
Mechanisms of Cytotoxic Activity of
1,3-Disubstituted Thiourea
Derivatives. Pharmaceuticals 2021, 14,
1097. https://doi.org/10.3390/
ph14111097

Academic Editors: Mary J. Meegan
and Niamh M O’Boyle

Received: 28 September 2021
Accepted: 26 October 2021
Published: 28 October 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Alicja Chrzanowska, Katarzyna Podsadni and Anna Bielenica *

Chair and Department of Biochemistry, Medical University of Warsaw, 02-097 Warszawa, Poland;
pstrzyga@wum.edu.pl (P.S.-L.); achrzanowska@wum.edu.pl (A.C.); kpodsadni@wum.edu.pl (K.P.)
* Correspondence: abielenica@wum.edu.pl; Tel.: +(48)-022-572-06-93; Fax: +(48)-022-572-06-79

Abstract: Substituted thiourea derivatives possess confirmed cytotoxic activity towards cancer but also
normal cells. To develop new selective antitumor agents, a series of 3-(trifluoromethyl)phenylthiourea
analogs were synthesized, and their cytotoxicity was evaluated in vitro against the cell line panel.
Compounds 1-5, 8, and 9 were highly cytotoxic against human colon (SW480, SW620) and prostate
(PC3) cancer cells, and leukemia K-562 cell lines (IC5p < 10 uM), with favorable selectivity over
normal HaCaT cells. The derivatives exerted better growth inhibitory profiles towards selected tumor
cells than the reference cisplatin. Compounds incorporating 3,4-dichloro- (2) and 4-CF3-pheny] (8)
substituents displayed the highest activity (ICsp from 1.5 to 8.9 uM). The mechanisms of cytotoxic
action of the most effective thioureas 1-3, 8, and 9 were studied, including the trypan blue exclusion
test of cell viability, interleukin-6, and apoptosis assessments. Compounds reduced all cancerous cell
numbers (especially SW480 and SW620) by 20-93%. Derivatives 2 and 8 diminished the viability of
SW620 cells by 45-58%. Thioureas 1, 2, and 8 exerted strong pro-apoptotic activity. Compound 2
induced late apoptosis in both colon cancer cell lines (95-99%) and in K-562 cells (73%). All derivatives
acted as inhibitors of IL-6 levels in both SW480 and SW620 cells, decreasing its secretion by 23-63%.

Keywords: thiourea; cytotoxic activity; apoptosis; interleukin-6; trypan blue assay

1. Introduction

Cancer is now considered as the second cause of death after cardiovascular disorders.
It is estimated that the number of newly diagnosed tumor cases will increase to 15 million
episodes every year [1]. Currently, the most common method used for the treatment of
cancer is chemotherapy. However, powerful chemotherapeutics also have an adverse
impact on non-cancerous cells, slowing their growth and/or inducing apoptosis. Thus, the
main challenge for the pharmaceutical industry is to synthesize new anticancer agents that
are more effective and selective but less toxic for normal cells.

One of the most suitable strategies in the field of drug development is the combination
of two bioactive nuclei. The (thio)urea branch is an element of several medicines with
anticancer profiles, such as sorafenib, multikinase-inhibitory diarylthiorea derivative, or
tenovin-1, the benzylthiourea, which acts as a reversible inhibitor of class Il HDAC sirtuins
(Figure 1). On the other hand, it was reported that (hetero)aryl terminal fragments of
thiourea moiety, enriched with electron-negative substituents, could provide biological
responses, not only cytotoxic [2—4], but also antibacterial [2-8], antiviral [2,9-12], antimy-
cobacterial [5,13], antioxidant [14], and anti-inflammatory [6] properties, as well as central
nervous system activation [15-18].
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Figure 1. Anticancer agents derived from diaryl(thio)urea and the common scaffold of the designed target 3-

(trifluoromethyl)phenylthioureas.

Large numbers of 1,3-disubstituted derivatives of urea and thiourea have been re-
ported to possess antiproliferative properties against various solid and leukemia tumor
cell lines, simultaneously resulting in low side effects. The most effective agents were found
in a group of derivatives with electron-withdrawing substituents introduced to the terminal
phenyl rings. In recent years, some trifluoromethyl- and trifluoromethoxyphenyl(thio)ureas
bearing the thiochroman ring have been synthesized, which exerted an ovarian cancer cell
inhibitory effect [19]. Several biphenyl thiourea derivatives, which incorporated CFj, nitro,
and halogen groups on the pendent aryl rings, were described as inhibitors of lung cancer
cell A549 growth, with blocking of K-Ras protein as the identified mechanism [20]. It was
reported that 2-bromo-5-(trifluoromethoxy)phenylthiourea, the derivative of quinazoline,
suppressed proliferation and migration of human cervical HeLa cells via inhibition of
the Wnt/-catenin signaling pathway [21]. Representative 7-trifluoromethyl-quinolinyl-
piperazine compounds based on the thiourea scaffold showed improved anti-breast cancer
action [22]. In their presence, the membrane integrity of the cytoplasm, mitochondria, and lyso-
somes of cancer cells were compromised. Series of 4-thiazolidinone-phenylaminopyrimidine
hybrids bearing orto-chloro and para-CF5 substituents displayed anticancer activity on
chronic myeloid leukemia cells, inducing programmed cell death by inhibition of Abl
kinase [23]. Within a group of 1,2,4-triazole-linked (thio)urea conjugates synthesized by
Tokala et al., the 4-cyanophenyl derivative with bis(trifluoromethyl)phenyl moiety ex-
pressed the highest apoptosis-inducing activity against the breast cancer cell line [24]. The
representative diarylurea endowed with both CF3/OCF; substituents has recently been
developed as an inhibitor of the most lethal and aggressive subtype of breast cancer [25]. Se-
lective kinase inhibitory agents towards hepatocellular carcinoma cells were found among
a series of conformationally restricted fluorinated ureas, analogues of sorafenib [26].

Within the thiourea derivatives, halogenated phenyl-containing heterocyclic thioureas
play important roles as anticancer agents against solid tumors, such as derivatives of 1,3,4-
thiadiazine [27], dihydroquinoline [28], pyridine [29], piperidine [30], quinazoline [31,32],
or thiazole [33]. Their mechanisms of action include inhibition of vascular endothelial
growth factor receptor 2 [27], epidermal growth factor receptor kinase [31,32], or acetyl-
cholinesterase [33]. Similarly, the presence of the nitrophenyl moiety at the thiourea branch
is identified to impart promising cytotoxic activity towards various solids tumors, includ-
ing lung, colorectal [34], prostate, and breast [35] carcinoma, acting via mitogen kinase
enzyme (MK-2) inhibition [34].

The 3-(Trifluorometyl)phenylthiourea moiety is a versatile scaffold in medicinal chemistry,
also used previously by our team for the design of new compounds with variable and improved
pharmacological profiles, mainly antimicrobial [2,8], antiviral [2,12], and CNS-activating [15]
compounds. Herein, we focus on possible mechanisms of the cytotoxic properties of a series
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of 3-(trifluorometyl)phenylthiourea analogs, incorporating differential electron-withdrawing
terminal groups.

2. Results and Discussion
2.1. Chemistry

The final 1,3-disubstituted thioureas 1-12 were synthesized in a single-step reac-
tion of 3-(trifluoromethyl)aniline with various isothiocyanates, belonging to a group of
dihalogenophenyl (1-4), halogenomethylphenyl (5, 6), alkylphenyl (12), or monophenyl-
substituted (7-11) derivatives (Scheme 1). The presented selection of the phenyl ring
terminal groups allowed an investigation of the impact of the substitution isomerism,
as well as the influence of the electron-withdrawing elements attached to the benzene
ring on the biological properties within the tested thiourea series. The synthesis of
compounds 1, 2, 9, 10, and 12 was described previously. The structures of the newly syn-
thesized derivatives (3-8, 11) were characterized by both 'H and '*C NMR spectroscopy
and HRMS analysis.

CF3
acetonitrile g
+ R-NCS > |
24h, 20°C ,J\ _R
NH, NH NH

R =aryl, alkylaryl

CF,

1-12
Scheme 1. Synthetic procedure for 3-(trifluoromethyl)phenylthiourea derivatives 1-12.

2.2. Biological Studies
2.2.1. Cytotoxic Activity

As a first step in assessing their cytotoxic properties, all thioureas of the series were
assayed against four human carcinoma cell lines, such as SW480 (primary colon cancer),
SW620 (metastatic colon cancer), PC3 (metastatic prostate cancer), and K-562 (chronic
myelogenous leukemia), as well as against the normal cell line HaCaT (immortalized
human keratinocytes). Table 1 lists the compound concentrations that produced 50% of
growth inhibition (ICsy, uM), generated by the MTT method [36], in comparison with two
commonly used chemotherapeutic agents, doxorubicin and cisplatin.

Dihalogenophenyl derivatives (1-4), followed by para-substituted thioureas (8, 9) were
the most active among the series towards all tumor cell lines. They were particularly potent
against SW620 cells, which appeared to be the most susceptible among the studied patho-
logical cells. The lowest IC5y was achieved by 3,4-dichlorophenylthiourea (2) and equaled
1.5 £ 0.72 uM. Its isomer 3, and also derivatives of 4-(trifluoromethyl)phenylthiourea (8)
and 4-chlorophenylthiourea (9), inhibited the growth of metastatic colon cancer cells at con-
centrations ranging from 5.8 £ 0.76 to 7.6 &= 1.75 uM. The 3-chloro-4-fluorophenylthiourea
(1) filled up the group of the most outstanding cytotoxic agents towards the SW620 cell
line (IC5p = 9.4 £ 1.85 uM). Moderate anticancer potency at the level of 14.0-18.7 uM was
observed for derivatives 4, 10, and 11. Importantly, the strongest inhibitors of the growth of
these cells (1-4, 8, 9) were also described by high selectivity indexes (SIs), ranging from 4.6
(compound 1) to 16.5 (compound 2). In addition, when compared to cisplatin, substances 2,
3, and 9 were found to be more effective, considering both their ICsj values and selectivity
factors. The potency of compound 2 was up to 4.5 times stronger and its SI and 18 times
higher than the reference metalodrug.
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Table 1. Cytotoxic activity (ICs, uM) of hte studied compounds estimated by the MTT assay °.
Compound Cancer Cells Normal Cells
Sw4s0 ¢ SW620 ¢ pC3f K562 & HaCaT"
R ICsp P CSI ICsp SI ICsp SI IC50 SI ICso
1 3-CL4-F-Ph 12.7 +1.53 34 944185 46 53.6+294 0.8 6.8 +1.57 64 43.6 £4.22
2 3_CII)’;]:C1_ 9.0 £1.42 2.7 1.5+0.72 16.5 31.7 +2.07 0.8 6.3 +1.28 39 247 4+0.05
2-C14-Cl-
3 30.1 £3.11 1.7  58+£0.76 9.0 13.7+7.04 3.8 543 +1.86 1.0 5214095
Ph

4 Z_C%)’i_Cl_ 22.5+0.10 0.6 140+173 1.0 105+252 1.3 359+ 0.07 04 139+1.70

5 2-CI_II:,3};3-C1- 7.3 +0.89 76 232 +4.07 24 51.8+3.19 11 525+214 1.1 556+174

6 Z-CI;‘Z&CI- 15.6 +4.10 09 221+436 0.7 659 +10.50 0.2 403 £3.88 04 145+1.08

7 2-CF3-Ph >100 0.7 30.1+£9.74 22 171 +£0.57 3.8 76.5+457 09 65.7+3.83

8 4-CF3-Ph 89+ 1.14 4.6 7.6 +1.75 54 6.9 + 1.64 6.0 54.8+0.24 0.8 413+0.17

9 4-Cl-Ph 38.1 £4.38 1.9 6.7 +1.74 10.7 226 +£1.25 32 102+£0.35 74 71.5+3.08

10 4-CN-Ph 20.6 £ 3.59 24 187 +592 2.7 662+ 447 0.8 1294433 39 50.1+4.89

11 4-Br-Ph 41.5 +4.46 04 1621408 1.1 76.6 £4.70 02 742+6.82 02 1724+0.64

12 -CHIE}?HT 25.3 £8.53 22 382+3.10 1.5 26.7+3.95 21 23.8+045 23 554 +1.08
Doxorubicin ! - 0.8 £0.10 04 03+0.08 1.0 0.3 +0.12 1.0 0.2 +£0.10 1.5 0.3 +0.11
Cisplatini - 10.4 + 0.90 0.6 6.7 +1.10 09 132+210 0.5 8.2 +4.08 0.8 6.3 +0.70

2 Data are expressed as mean SD, b ICs0 (uM)—the concentration of the compound that corresponds to 50% growth inhibition of the cell
line (as compared to the control) after cells were cultured for 72 h with the individual compound. ¢ The SI (Selectivity Index) was calculated
using the formula: SI = ICs for the normal cell line/ICsg cancer cell line. 4 Human primary colon cancer (SW480), ¢ Human metastatic
colon cancer (SW620), f Human metastatic prostate cancer (PC3), 8 Human chronic myelogenous leukemia (K562), h Human immortal
keratinocyte cell line from adult human skin (HaCaT). ) The reference compounds.

The disubstituted chlorine-containing derivatives 2 and 5, as well as 4-(trifluoromethyl)-
phenyl compound (8), applied at concentrations of 7.3-9.0 uM were able to effectively inhibit
primary SW480 cell lines, while also being more potent than cisplatin. Additionally, within
all compounds, the thiourea 5 was highly selective against SW480 cells vs. the other
pathological lines tested. On the other hand, the selectivity of both thioureas towards
HaCaT cells was advantageous, extending between 2.7 and 7.6. Moreover, the values of
IC5q of their close structural analogs, 1 and 6, ranged from 12.7 & 1.53 to 15.6 &= 4.10 uM.

A significant cytotoxic effect on the erythroleukemic K-562 cell lines was observed
for dihalogenophenylthioureas 1 and 2, as well as for the monosubstituted derivative 9,
with all of them containing at least one chlorine atom attached to the terminal ring.
Analogs 1 and 2 were 20-30% more effective and several-fold more selective than the
reference drug cisplatin. The antiproliferative potency of the para-substituted derivatives 9
and 10 was estimated at ICsy of 10.2-12.9 uM.

Prostate cancer cells belonged in the group that were the least vulnerable to the
presence of thiourea compounds; however, three halogenated analogs still exerted higher
than (compounds 4, 8) or comparable (derivative 3) activity to cisplatin. Their concentra-
tions corresponding to 50% growth inhibition of the PC3 line varied from 6.9 + 1.64 to
13.7 £ 7.04 uM, and their selectivity indexes were also favorable (1.3-6.0). The most potent
4-(trifluoromethyl)phenylthiourea (8) was also strongly effective against both colon cancer
lines but not K-562 cells.

The cytotoxic action of the 2-phenylethylthiourea derivative 12 against cancer cells
differed from 23.8 £ 0.45 to 38.2 £ 3.10 uM, depending on the tumor line tested, and it
was the only inefficient compound of the designed series. It is worth mentioning that
generally the lower the ICs) values assigned, the higher the SI found. The most promising
drug candidates (1-4, 8, 9) were weakly cytotoxic towards normal HaCaT cell lines. While
none of the tested compounds were as potent as ciprofloxacin, the most effective of them
expressed a better cytotoxic profile than cisplatin, and possessed higher selectivity indexes
in comparison with both referential chemotherapeutics.
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A wide selection of the character, location, and number of phenyl ring substituents of
the thiourea branch allowed investigation of the influence of the structure of the studied
compounds on their antitumor activity. According to our studies, the terminal benzene
moiety functionalities were arranged with their increasing impact on cytotoxicity as fol-
lows: 4-bromo- (11) < 2-(trifluoromethyl)- (7) < 2-methyl-5-chloro- (6) < 4-cyano- (10) <
2-methyl-3-chloro- (5) < 2,3-dichloro- (4) << 2,4-dichloro- (3) < 4-chloro- (9) < 3-chloro-4-
fluoro- (1) < 4-(trifluoromethyl)- (8) < 3,4-dichloro- (2). As shown, the most pronounced
cytotoxic effect was associated with an incorporation of two halogen atoms in the benzene
ring, whereby chlorine (2, 3) or fluorine (1) were in the para- position. Considering the
active monosubstituted derivatives, this position of the phenyl moiety was favored by
the trifluoromethyl group (8) or chlorine (9). The replacement chlorine with fluorine is
less beneficial in the case of disubstituted derivatives (2 — 1) and heavily unfavorable
in a group of monosubstituted thioureas (9 — 11). Similarly, the noticeable decrease in
bioactivity was observed when the electron-donating methyl group was introduced instead
of the second halogen (5, 6). Furthermore, from the closest mutual arrangement of both
methyl and chlorine groups with the highest activity, the thiourea 5 is more effective against
SW480 and selective towards HaCaT cells than its isomer 6. Considering other isomers
of the substituent position, the most cytotoxic profile was exerted by compound 2 with
the 3,4-dichlorophenyl fragment. The change of substituent locations to carbons 2,4 or 2,3
(derivatives 3 and 4, respectively) led to a gradual reduction in their biological potency. By
analogy, the replacement of the ortho-substituted CF; group (7) for the para (8) position was
much more fruitful. While an exchange of this voluminous substituent for chlorine (8 — 9)
still gave a strongly active analog, switching it into the cyano (10) or bromo (11) group
considerably diminished the antitumor effect. Finally, the introduction of the unsubstituted
alkylphenyl group (12) to the thiourea branch dramatically decreased the compound’s
bioactivity.

The most potent derivatives (1-3, 8, 9) were selected for further investigations of their
mechanisms of cytotoxic action.

2.2.2. Antiproliferative Activity

In order to estimate the tumor and normal cell population density and their viability
after treatment with compounds 1-3, 8, and 9, the trypan blue dye exclusion assay was
performed. The live cell number of all cancerous cells incubated for 72 h with the studied
thioureas was considerably lower in comparison with the controls (Table 2; Figure S1A).
The highest reduction in cell amount was denoted for both colon SW480 and SW620 cells
treated with the dichlorophenyl derivative 2, and it accounted for 93%. This compound
also considerably reduced the PC3 and K-562 cell number by 69% and 66%, respectively.
Similarly, a noticeable decline in both colon cancer cell populations was observed after
treatment with the ortho-substituted compound 8. The number of live cells equaled 12%
and 18%, respectively, as compared to controls. This thiourea also led to a reduction of PC3
cells of 38%, and leukemia K-562 cell lines of 27%. The number of SW620 and PC3 cells
decreased by 72% and 63% in the presence of para-substituted compound 9. However, the
reducing influence of this thiourea on the number of other cancerous cells was at the level of
21-32%. It is worth noting that the amount of PC3 cells also diminished to 24% compared
to the control after long-term exposure to the ICsy concentration of dihalogenophenyl
derivative 1. A significant effect on the other studied pathological cells was also noticed
and accounted for 32-46%. Furthermore, the derivative 3 reduced the amount of live cancer
cells by 32-59%, of which its decreasing impact on colon cancer cells was the greatest. The
obtained results show that thioureas 1-3, 8, and 9 exerted a cytostatic effect on cancer cells,
suppressing their growth and proliferation.
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Table 2. Trypan blue assay. The effect of compounds 1, 2, 3, 8, and 9 on the live cell number and viability (%) in SW480, SW620, PC3,
K-562, and HaCaT cells. Cells were incubated for 72 h with the tested compounds used in their ICsy concentrations, then cells were
harvested, stained with trypan blue, and analyzed using a cell counter. Data are expressed as the mean + SD.- “control without
compound”,  Human primary colon cancer (SW480), ® Human metastatic colon cancer (SW620), © Human metastatic prostate cancer
(PC3), 4 Human chronic myelogenous leukemia (K562), © Human immortal keratinocyte cell line from adult human skin (HaCaT).

Compound Cell Number x 10° Viability (%)
- 3.6 + 0.20 93 + 1.35
1 2.0 +0.30 69 + 1.30
2 0.3+ 0.35 45 + 2.40
SW480 ® 3 1.5 +0.10 90 + 1.30
8 0.4+ 0.15 90 + 2.30
9 25+ 0.12 72 4 2.25
- 5.7 +0.10 96 + 3.30
1 13+ 025 79 4 1.30
. 2 0.4+ 022 42 +1.30
SW620 3 2.4+ 020 93 + 233
8 1.0 4 0.20 55+ 1.11
Cancer Cell hne 9 1.6 :l: 011 84 :l: 3.08
- 34+ 0.25 97 +2.30
1 23+0.15 93 + 1.50
p3c 2 24+0.16 93 + 1.40
3 1.8 4 0.18 58 + 1.20
8 21+0.12 82 + 1.10
9 12+ 0.15 73 +1.99
- 44 +0.15 98 + 1.30
1 1.8+ 0.24 93 +2.05
. 2 1.0 + 0.21 55 + 1.03
K-562 3 3.0 + 027 85 + 1.20
8 32+ 0.14 88 + 1.10
9 3.5+ 0.22 90 + 2.40
- 9.2 +0.25 98 + 1.30
1 6.5+ 0.15 97 +1.33
2 1.6 + 0.31 84 +1.03
2 e
Normal cell line HaCaT 3 78+ 0.14 96 + 3.01
8 49+028 98 + 1.02
9 8.6+ 0.12 98 + 1.50

In addition, after thiourea treatment, the viability of the majority of pathological cell
lines was diminished, which proved not only the cytostatic, but also the cytotoxic influence
of the selected derivatives (Table 2; Figure S1B). This effect was clearly observed in both
SW480 and SW620 cells for thioureas 1, 2, and 9. The largest decrease of cell viability was
found for the compound 2 (by 48% and 58%, respectively), while substances 2 and 9 were
efficient in 16-24%. Additionally, the derivative 8 reduced the viability of SW620 cells
by 45%. Derivatives 2, 3, and 9 decreased the survival of PC3 cells by 15-39%, as compared
to the control, and the most evident cytotoxic activity in these cells was observed for 3.
The K-562 cell line was the least sensitive to incubation with the evaluated compounds.
Its viability was diminished by 10-15% after 72 h of contact with thioureas 2, 3, and 8.
Importantly, the various concentrations of the target compounds did not affect normal
HaCaT cells’ viability.

2.2.3. Apoptotic Activity

To estimate the mechanism of anticancer activity of the selected compounds 1-3, 8, and
9, their effect on both early and late apoptosis was evaluated by flow cytometry analysis. As
shown in Figures 24, the studied derivatives applied in their ICsy concentrations induced
considerably late apoptosis or necrosis in cancerous cells compared to controls. The
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apoptosis-activating effect was the strongest in the SW480, SW620, and K-562 cell lines, and
the most noticeable activity was observed for the thiourea 2, followed by its analogs 1 and
8. Dichlorophenyl derivative 2 and fluorinated thiourea 8 showed a very high percentage
of SW480 cells in late apoptosis (95% + 1.5% and 97% =+ 1.2%, respectively). Other tested
substances also significantly influenced primary colon cancer cells, causing 24% =+ 0.4%
(compound 9) to 60% =+ 1.8% (compound 1) of SW480 cells to be in late apoptosis. The
derivative 2 was similarly the most potent activator of apoptosis in metastatic SW620
cells (99% =+ 0.5%), in comparison with the thiourea 1 (57% =+ 1.2%). The pro-apoptotic
impact of derivatives 3, 8, and 9 in these cells was not so spectacular and did not exceed
26%. On the other hand, thiourea-derived compounds 1 and 2 considerably affected the
level of late apoptosis in leukemia K-562 cells, and gave comparable results (74% =+ 3.8%
and 73% =+ 2.0%, respectively). Additionally, visible late apoptosis-inducing properties
in these cell lines were denoted for the compound 9 (47% =+ 3.0%), which was twice as
strong towards the colon tumor cells mentioned above. The apoptotic properties of analogs
3 and 8 in K-562 cells varied from 30% =+ 1.6% to 33% =+ 2.3%. In contrary, treatment
of PC3 cells with thiourea derivatives did not increase their apoptosis, except for the
compound 8 (25% =+ 1.5%). The analysis performed in HaCaT cells, incubated with the
studied substances 1, 8, and 9, revealed the low level of cells in late apoptosis, counted
from 11% to 14%. Whereas the apoptosis-generating influence of derivatives 2 and 3
on normal keratinocytes was higher (29% and 23%), their selectivity measured by MTT
methods is favorable. The obtained results are in agreement with the ICs, values assigned
to pathological cancer cell lines.
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Figure 2. The effect of compounds 1-3, 8, and 9 on early and late apoptosis in SW480, SW620, and HaCaT cells. Cells were
incubated for 72 h with the tested compounds used in their ICsy concentrations, then cells were harvested, stained with
Annexin V-FITC and PI, and analyzed using flow cytometry. Data are expressed as % of cells in the early stage of apoptosis,
and as % of cells in the late stage of apoptosis or necrosis. Data are expressed as the mean &+ SD. *** p < 0.001, ** p < 0.01, as

compared to the control.
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Figure 3. The effect of compounds 1-3, 8, and 9 on early and late apoptosis in PC3 and K-562 cells. Cells were incubated for
72 h with the tested compounds used in their IC5y concentrations, then cells were harvested, stained with Annexin V-FITC
and PI, and analyzed using flow cytometry. Data are expressed as % of cells in the early stage of apoptosis, and as % of cells
in the late stage of apoptosis. Data are expressed as the means + SD. *** p < 0.001, * p < 0.05, as compared to the control.
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Figure 4. The effects of compounds 1, 2, 3, 8, and 9 on early and late apoptosis or necrosis in (A) SW480, (B) SW620, (C) PC3,
(D) K-562, and (E) HaCaT cells detected with Annexin V-FITC/PI by flow cytometry. Cells were incubated for 72 h with the
tested compounds. Dot plot diagrams show representative experiments. The lower left (LL) quadrant represents viable cells
and the lower right (LR) quadrant early apoptotic cells. The upper right (UR) quadrant contains late-stage apoptotic cells,

and the upper left (UL) quadrant necrotic cells.
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2.2.4. Inhibition of IL-6 Release

Interleukin-6 (IL-6) is a cytokine that stimulates the inflammatory and auto-immune
processes in many diseases, including pancreatic, prostate, and colon cancers. As its level
is higher in advanced and metastatic cancer, IL-6 is also involved in tumor development
and progression [37].

Because of the low secretion of IL-6 by leukemic cells compared to solid tumors, and
in addition to the lack of IL-6 receptors in K-562 cells [38], studies of the effect of derivatives
1-3, 8, and 9 on the inhibition of IL-6 release were carried out on primary and secondary
solid tumor cells (SW480, SW620, and PC3). The results are given in Table 3 and Figure
S2. A remarkable inhibition of the IL-6 level was denoted for both colon cancer cell lines.
Compound 2, identified as the strongest inhibitor, reduced the interleukin level by 54%
(in SW480 cells) and 63% (SW620 cells). A significant effect was also observed in these
cells for its structural isomer 3 (39% and 23% of inhibition, respectively). Additionally,
compound 3 considerably affected the IL-6 level produced by PC3 cells, and reduced it
by 33%. Similarly, the treatment with derivative 1 was effective for both colon cancer
cells. In its presence, IL-6 release decreased by 28-36%, as compared to controls. For
monosubstituted derivatives 8 and 9, the observed IL-6-reducing influence was weaker.
They both inhibited IL-6 secretion in SW480 and SW620 cell lines by 25-32%. In contrast to
compound 9, thiourea 8 additionally diminished the cytokine level in PC3 cells by 26%.

Table 3. Effects of compounds 1-3, 8, and 9 on IL-6 levels, measured by the ELISA test. Data are
expressed as the mean + SD from  Human primary colon cancer (SW480), ® Human metastatic
colon cancer (SW620), ¢ Human metastatic prostate cancer (PC3), d Human immortal keratinocyte
cell line from adult human skin (HaCaT).

Compound IL-6 Concentration (pg/mL)
Control 7.8 £0.03
1 5.7 £0.01
2 3.6 +0.02
SW480 3 4.8 + 0.04
8 5.3 +£0.01
9 5.5 + 0.02
Control 7.7 £0.05
1 4.9 4 0.01
Cancer cell line b 2 2.8 £0.03
SW620 3 5.9 + 0.03
8 5.8 £ 0.06
9 5.2 + 0.03
Control 10.9 £+ 0.07
1 9.6 +£0.02
2 9.1 +£0.04
PC3 ¢ 3 7.3+ 0.06
8 8.1 +£0.08
9 9.9 £+ 0.03
Control 9.7 £0.03
1 8.7 £0.03
2 9.1 +0.03
3 d
Normal cell line HaCaT 3 8.9 + 0.01
8 9.1 £0.06
9 9.0 +0.01

3. Materials and Methods
3.1. Chemistry
3.1.1. General Procedure

(Trifluoromethyl)aniline was supplied by Alfa Aesar (Stock No. A15910). Isothio-
cyanates were purchased from Alfa Aesar or Sigma Aldrich. Acetonitrile, chloroform, and
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methanol were supplied by POCh (Polskie Odczynniki Chemiczne). All chemicals were of
analytical grade and were used without any further purification. Prior to usage, acetonitrile
was kept in crown cap bottles over anhydrous phosphorus pentoxide (Carl Roth, Karlsruhe,
Germany). The NMR spectra were recorded on a Bruker AVANCE DMX400 spectrometer,
operating at 300 (*H NMR) and 75.5 MHz (33C NMR). The spectra were measured in
DMSO and are given as 8 values (in ppm) relative to TMS. Mass spectral ESI measurements
were carried out on an LCT Micromass TOF HiRes apparatus. Flash chromatography
was performed on Merck silica gel 60 (200-400 mesh) using chloroform:methanol mixture.
Analytical TLC was carried out on silica gel F254 (Merck, Darmstadt, Germany) plates
(0.25 mm thickness).

General Procedure for the Preparation of N-aryl-[3-(trifluoromethyl)phenyl]thiourea
Derivatives (1-12)

A solution of commercially available 3-(trifluoromethyl)aniline (0.0031 mol, 0.50 g) in
anhydrous acetonitrile (5 mL) was treated with appropriate isothiocyanate (0.0031 mol)
and the mixture was stirred at room temperature for 24 h. Then, solvent was removed on
a rotary evaporator. The residue was purified by column chromatography (chloroform:
methanol; 9.5:0.5 vol.) to yield derivatives 1-12.

1-(3-chloro-4-fluorophenyl)-3-[3-(trifluoromethyl)phenyllthiourea (1) was synthesized as
described previously [39].

1-(3,4-dichlorophenyl)-3-[3-(trifluoromethyl)phenylithiourea (2) was synthesized as de-
scribed previously [39].

1-(2,4-dichlorophenyl)-3-[3-(trifluoromethyl)phenyllthiourea (3) Yield 70%, cream powder,
m.p. 155-157 °C. 'H NMR (300 MHz, DMSO) & (ppm): 10.22 (s, 1H, NH), 9.73 (s, 1H, NH),
8.00 (s, 1H, Ar-H), 7.80-7.77 (d, 1H, ] = 9.0 Hz, Ar-H), 7.71-7.70 (d, 1H, ] = 3.0 Hz, Ar-H),
7.62-7.55 (m, 2H, Ar-H), 7.50-7.43 (m, 2H, Ar-H). 13C NMR (75.5 MHz, DMSO) & (ppm):
180.62, 140.11, 135.34, 131.49, 131.30, 131.07, 129.62, 129.06 (q, Jc-r = 31.7 Hz), 129.06, 128.43,
127.48,124.03 (q, Jc.r = 272.6 Hz), 120.97 (q, Jc.r = 3.8 Hz), 119.91 (q, Jc.r = 3.8 Hz). HRMS
(ESI) calc. for C14HgN,F3SCl, [M — H]: 362.9726, found: 362.9737.

1-(2,3-dichlorophenyl)-3-[ 3-(trifluoromethyl)phenyllthiourea (4) Yield 65%, white powder,
m.p. 140-142 °C. 'TH NMR (300 MHz, DMSO) & (ppm): 10.24 (s, 1H, NH), 9.83 (s, 1H, NH),
7.99 (s, 1H, Ar-H), 7.80-7.77 (d, 1H, ] = 9.0 Hz, Ar-H), 7.61-7.53 (m, 3H, Ar-H), 7.50-7.47 (m,
1H, Ar-H), 7.41-7.35 (m, 1H, Ar-H). 13C NMR (75.5 MHz, DMSO) § (ppm): 180.63, 140.13,
138.17,131.90, 129.62, 129.32, 129.05 (q, Jc.r = 31.7 Hz), 128.63, 128.35, 127.88, 127.47, 124.03
(q, Je-r =272.6 Hz), 120.98 (q, Jc.r = 3.8 Hz), 119.93 (q, Jc.r = 4.5 Hz). HRMS (ESI) calc. for
C14HgNoF35Clp [M — H] ™ 362.9726, found: 362.9737.

1-(3-chloro-2-methylphenyl)-3-[3-(trifluoromethyl)phenylthiourea (5) Yield 65%, white
powder, m.p. 163-165 °C. "H NMR (300 MHz, DMSO) & (ppm): 9.95 (s, 1H, NH), 9.77 (s,
1H, NH), 7.94 (m, 1H, Ar-H), 7.79-7.75 (m, 1H, Ar-H), 7.61-7.44 (m, 2H, Ar-H), 7.41-7.34
(m, 1H, Ar-H), 7.26-7.23 (m, 2H, Ar-H), 2.27 (s, 3H, CHz). 3C NMR (75.5 MHz, DMSO) &
(ppm): 180.80, 140.43, 139.07, 133.85, 133.50, 129.44, 129.36 (q, Jc.r = 31.7 Hz), 128.73, 127.51,
127.23,127.10,124.07 (q, Jc.r = 272.6 Hz), 120.72 (q, Jc.r = 3.8 Hz), 119.98 (q, Jc.r = 4.5 Hz),
15.27. HRMS (ESI) calc. for C15H;1NoF3SCI [M — H] : 343.0315, found: 343.0284.

1-(5-chloro-2-methylphenyl)-3-[3-(trifluoromethyl)phenyl]thiourea (6) Yield 63%, cream
powder, m.p. 146-148 °C. 'H NMR (300 MHz, DMSO) 6 (ppm): 10.03 (s, 1H, NH), 9.64
(s, 1H, NH), 7.96-7.93 (m, 1H, Ar-H), 7.79-7.74 (m, 1H, Ar-H), 7.59-7.54 (t, 1H, ] = 7.5 Hz,
Ar-H), 7.50-7.45 (m, 1H, Ar-H), 7.39-7.38 (d, 1H, ] = 3.0 Hz, Ar-H), 7.31-7.28 (m, 1H, Ar-H),
7.26-7.20 (m, 1H, Ar-H), 2.23 (s, 3H, CH3). 1*C NMR (75.5 MHz, DMSO) § (ppm): 180.55,
140.34, 138.83, 133.84, 131.85, 129.85, 129.51, 128.99 (q, Jc-r = 31.7 Hz), 127.52, 126.43, 125.86,
124.10 (q, Jc.r = 271.8 Hz), 120.75 (q, Jc.r = 4.5 Hz), 119.95 (q, Jc.r = 3.8 Hz), 17.29. HRMS
(ESI) calc. for C]5H11N2F3SC] [M — H]—: 343.0315, found: 343.0284.

1-[2-(trifluoromethyl)phenyl]-3-[3-(trifluoromethyl)phenylithiourea (7) Yield 72%, white
powder, m.p. 173-175 °C. 'H NMR (300 MHz, DMSO) & (ppm): 10.18 (s, 1H, NH), 9.60
(s, 1H, NH), 8.05 (s, 1H, Ar-H), 7.78-7.68 (m, 3H, Ar-H), 7.60-7.47 (m, 4H, Ar-H). 13C
NMR (75.5 MHz, DMSO) § (ppm): 181.51, 140.17, 136.79, 132.81, 132.33, 129.62, 129.05
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(9, Jc.r =31.7 Hz), 128.42, 127.52, 127.26, 126.25 (q, Jc.r = 4.5 Hz), 125.85, 125.38, 120.91
(9, Je.r =3.8 Hz), 119.74 (q, Jc.r = 3.8 Hz). HRMS (ESI) calc. for C;sH9N,F¢S [M — H]™:
363.0368, found: 363.0391.

1-[3-(trifluoromethyl)phenyl]-3-[4-(trifluoromethyl)phenylithiourea (8) Yield 76%, white
powder, m.p. 134-136 °C. 'H NMR (300 MHz, DMSO) & (ppm): 10.36-10.34 (m, 1H, NH),
10.26-10.23 (m, 1H, NH), 7.96-7.93 (m, 1H, Ar-H), 7.79-7.68 (m, 5H, Ar-H), 7.61-7.55 (t, 1H,
J =9.0 Hz, Ar-H), 7.50-7.47 (m, 1H, Ar-H). 3C NMR (75.5 MHz, DMSO) § (ppm): 179.90,
143.02, 140.14, 129.64, 129.32, 128.48, 127.43, 126.13, 125.73 (q, Jc.r = 3.8 Hz), 124.26, 124.27
(q, Je-r = 32.5 Hz), 123.06, 122.38, 120.94 (q, Jc.r = 3.8 Hz), 119.91 (q, Jc.r = 3.9 Hz). HRMS
(ESI) calc. for Ci5sH9N,FgS [M — H]™: 363.0368, found: 363.0391.

1-(4-chlorophenyl)-3-[3-(trifluoromethyl)phenylJthiourea (9) was synthesized as described
previously [2].

1-(4-cyanophenyl)-3-[3-(trifluoromethyl)-phenylJthiourea (10) was synthesized as described
previously [2].

1-(4-bromophenyl)-3-[3-(trifluoromethyl)phenylJthiourea (11) Yield 75%, white powder,
m.p. 182-184 °C. 'H NMR (300 MHz, DMSO) & (ppm): 10.09-10.08 (d, 2H, ] = 3.0 Hz,
NH), 7.94 (s, 1H, Ar-H), 7.77-7.74 (d, 1H, ] = 9.0 Hz, Ar-H), 7.59-7.52 (m, 3H, Ar-H), 7.48—
7.44 (m, 3H, Ar-H). 3C NMR (75.5 MHz, DMSO) § (ppm): 179.82, 140.31, 138.52, 131.39,
129.52,128.6 (q, Jc-r = 31.0 Hz), 128.38, 127.36, 125.72, 124.06 (q, Jc.F = 272.6 Hz), 120.73
(g, Jc-r =3.8 Hz), 119.85(q, Jc.r =4.5Hz), 118.64, 116.81. HRMS (ESI) calc. for C14H9N,F3SBr
[M — H]™: 372.9620, found: 372.9622.

1-(2-phenylethyl)-3-[3-(trifluoromethyl)-phenyl]thiourea (12) was synthesized as described
previously [2].

3.2. Biological Studies
3.2.1. Cell Culture

The human primary (SW480), metastatic (SW620) colon cancer, metastatic prostate
cancer (PC3), chronic myelogenous leukemia (K-562), and human immortal keratinocyte
(HaCaT) cell lines were purchased from the American Type Culture Collection (ATCC,
Rockville, MD, USA). The cells were cultured in medium according to protocols (MEM
for SW480 and SW620, RPMI 1640 for PC3 and K-562, and DMEM for HaCaT cells),
supplemented with 10% FBS, penicillin (100 U/mL) and streptomycin (100 ug/mL), and
cultured in a 37 °C/5% CO, humidified incubator. The cells were cultured until appropriate
confluence was achieved (80-90%). Next, they were harvested by treatment with 0.25%
trypsin (Gibco Life Technologies, Waltham, MA, USA) excluding the non-adherent K-562
cell line and used for studies.

3.2.2. MTT Assay

To determine the ICs5y of the thiourea compounds 1-12, cells were seeded in 96-
well plates (1 x 10* cells per well) and treated for 72 h with different concentrations of
compounds. Cells without the studied compounds in medium were used as a control.

The cell viability was assessed by determination of MTT salt [3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazoliumbromide] conversion by mitochondrial dehydrogenase. The
MTT assay was performed as previously described [37]. Alternatively, non-adherent
leukemic cells were centrifuged in a microplate centrifuge (400x g, 5 min) during the
collection stages. Experiments were repeated three times. Cell viability was presented as
a percent of MTT reduction in the treated cells versus the control cells. The number of
viable cells cultured without the studied compounds was assumed as 100%. A decreased
relative MTT level indicated decreased cell viability. Thiourea compounds with the highest
cytotoxic potential assessed by MTT determination (with the lowest ICsg) were chosen for
subsequent assessments of cytotoxicity mechanisms.
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3.2.3. Trypan Blue Assay

Cells (1 x 10° cells per well) were seeded in 12-well plates and after 72 h of incubation
with ICsg concentrations of the studied compounds 1-3, 8, and 9, they were washed twice
with PBS (phosphate-buffered saline) and harvested. The live cell count was assessed
by the trypan blue exclusion dye assay using an automated cell counter (CountessTM
Invitrogen, Waltham, MA, USA). Untreated cells were used as the control.

3.2.4. Annexin V Binding Assay

The cells were cultured and harvested under the conditions described in Section 3.2.1.
Then, they were seeded in six-well plates (2 x 10° cells per well), and treated with the
selected thioureas 1-3, 8, and 9 at their ICs; concentration for 72 h. The effect of these
compounds on the process of early and late apoptosis and necrosis was determined as
described previously [37] by dual staining with Annexin V:FITC and propidium iodide,
according to the manufacturer’s protocol (Becton Dickinson). The cells that were Annexin
V:FITC positive and PI negative were identified as early apoptotic, and Annexin V:FITC
and PI positive as late apoptotic or necrotic.

3.2.5. II-6 Level Assay

The IL-6 concentration in all studied cancer cells and normal HaCaT cell lines was
measured by an ELISA kit (Diaclon SAS Besancon CEDEX, Besangon, France). Cells were
seeded in 12-well plates (1 x 10° cells per well) and treated with the ICsy concentration of
the studied compounds 1-3, 8, and 9 for 72 h. IL-6 in cell culture supernatant was measured
using the enzyme-linked immunosorbent assay in accordance with the manufacturer’s
protocol.

3.2.6. Statistical Analyses

Statistical analyses were performed using GraphPad Prism 9 software (GraphPad
Software). The results were expressed as mean £ SD from at least three independent
experiments. The statistical significance of differences between means was established
by ANOVA with Dunnett’s multiple comparison post hoc test. P values below 0.05 were
considered statistically significant.

4. Conclusions

In summary, we herein report a high-throughput synthesis of 3-(trifluoromethyl)aniline
with various isothiocyanates. The effect of all the synthesized compounds’ inhibition of
the growth of human tumor cell lines, such as SW480 (primary colon cancer), SW620
(metastatic colon cancer), PC3 (metastatic prostate cancer), and K-562 (chronic myeloge-
nous leukemia), was evaluated. Dihalogenophenyl (1-4) and para-substituted thioureas
(8, 9) were highly cytotoxic against the mentioned pathological cell cultures (IC59 < 10
uM), with selectivity over normal HaCaT cells. Compounds 2, 3, and 9 were more effective
and selective than the reference cisplatin. The mechanisms of the in vitro cytotoxic activity
of the most bioactive compounds 1-3, 8, and 9 were studied. All of them were cytostatic
and reduced the cancer cells’ number, being safe for normal keratinocytes. Cytotoxic
thioureas 1, 2, and 9 considerably diminished the viability of both SW480 and SW620
cells. Derivatives 1, 2, and 8 exerted the strongest apoptosis-activating effect in SW480,
SW620, and K-562 cell lines. Among them, compound 2 showed the highest percentage of
colon cancer cells in late apoptosis. The tested derivatives revealed anti-IL-6 activity and
significantly decreased the levels of the proinflammatory cytokine produced by both colon
carcinoma cells.

The structural modifications of the thiourea terminal moieties indicated the dihalogenophenyl
derivative 2, followed by its isomer 3 and para-substituted analog 8, as the most effective in
cancer treatment. This work constitutes an evaluation of the potential and mechanisms of
cytotoxic action of thiourea-derived compounds, which will be developed.
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Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/ph14111097/s1, Figure S1. (A) Trypan blue assay. The effect of compounds 1, 2, 3, 8 and 9
on cell number in SW480, SW620, PC3, K-562 and HaCaT cells. (B) Trypan blue assay. The effect of
compounds 1, 2, 3, 8 and 9 on viability in SW480, SW620, PC3, K-562 and HaCaT cells. Figure S2.
Effects of compounds 1-3, 8 and 9 on IL-6 levels, measured by ELISA test. 1H and 13C NMR spectra
of synthesized compounds 3-8, 11. Table S1. High Resolution Mass Spectra (HRMS) of compounds 4,
6,7,11.
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The distinct chemical structure of thiourea derivatives provides them with an advantage in selectively targeting
cancer cells. In our previous study, we selected the most potent compounds, 2 and 8, with 3,4-dichloro- and 3-
trifluoromethylphenyl substituents, respectively, across colorectal (SW480 and SW620), prostate (PC3), and
leukemia (K-562) cancer cell lines, as well as non-tumor HaCaT cells. Our research has demonstrated their
anticancer potential by targeting key molecular pathways involved in cancer progression, including caspase 3/7
activation, NF-kB (Nuclear Factor Kappa-light-chain-enhancer of activated B cells) activation decrease, VEGF
(Vascular Endothelial Growth Factor) secretion, ROS (Reactive Oxygen Species) production, and metabolite
profile alterations. Notably, these processes exhibited no significant alterations in HaCaT cells. The effectiveness
of the studied compounds was also tested on spheroids (3D culture). Both derivatives 2 and 8 increased caspase
activity, decreased ROS production and NF-kB activation, and suppressed the release of VEGF in cancer cells.
Metabolomic analysis revealed intriguing shifts in cancer cell metabolic profiles, particularly in lipids and py-
rimidines metabolism. Assessment of cell viability in 3D spheroids showed that SW620 cells exhibited better
sensitivity to compound 2 than 8. In summary, structural modifications of the thiourea terminal components,
particularly dihalogenophenyl derivative 2 and para-substituted analog 8, demonstrate their potential as anti-

cancer agents while preserving safety for normal cells.

1. Introduction

The search for effective anticancer agents has driven significant ad-
vancements in medicinal chemistry, leading to the exploration of
various chemical classes and their potential therapeutic applications.
Among these, thiourea derivatives have garnered considerable attention
due to their unique chemical properties and demonstrated cytotoxic
effects on cancer cells. Thiourea compounds belong to a class of orga-
nosulfur compounds characterized by the presence of a thiourea func-
tional group (R-NH-C(S)-NH-R’). These derivatives possess remarkable
potential for application in medicine owing to their ability to modulate
biological processes and interact with specific cellular targets. Thioureas
have gained recognition for their versatile pharmacological profiles,
including antimicrobial, anti-inflammatory, and anticancer activities. In
recent years, researchers have made substantial progress in synthesizing
and characterizing novel derivatives of this group with improved

* Corresponding author.

cytotoxic properties against a wide range of cancer cell lines (Saeed
et al.,, 2010). These substances often exhibit potent antiproliferative
effects, inducing apoptosis or cell cycle arrest, while sparing normal
cells. This selectivity is crucial for reducing the toxic side effects asso-
ciated with traditional chemotherapeutic agents (Zhang et al., 2020).
One class of thiourea derivatives that has attracted significant interest is
the diarylthiourea family (El-Atawy et al., 2023). Studies have demon-
strated the anticancer potential of diarylthioureas by targeting key
molecular pathways involved in cancer progression (El-Atawy et al.,
2023; Sun et al., 2017). Another notable group of thiourea derivatives is
the dithiocarbamates, which have exhibited remarkable cytotoxic ef-
fects against various cancer types. Dithiocarbamates exert their anti-
cancer activity through multiple mechanisms, including the induction of
oxidative stress, inhibition of proteasome function, and modulation of
cellular redox balance (Buac et al., 2012; Quero et al., 2022). These
compounds have shown promising results in preclinical studies,
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demonstrating their potential as effective anticancer agents (Kaul et al.,
2021). Furthermore, investigations into the structure-activity relation-
ships of thiourea-derived compounds have provided insights into the
design and optimization of more potent derivatives with enhanced
selectivity and improved pharmacokinetic properties (Kumar and
Chimni, 2014). The specific design and modification of these structures
have given a new pool of compounds: the thiourea derivatives with 1,
3-disubstitution. They have been documented to exhibit anti-
proliferative effects against both solid tumor cell lines and leukemia.
These derivatives have demonstrated a remarkable ability to minimize
side effects. Particularly, the derivatives that displayed the highest
effectiveness were those containing electron-withdrawing substituents
incorporated into the terminal phenyl rings. In our previous study we
selected from the group of 1,3-disubstituted thiourea derivatives, the
most potent compounds: 2 (3,4-dichloro) and 8 (3-(trifluoromethyl)
phenylthioureas (Fig. 1.) (Strzyga-Lach et al., 2021). The present study
has demonstrated mechanisms of their anticancer activity against
colorectal (SW480 and SW620), prostate (PC3) and leukemia (K-562)
cancer cells by targeting key molecular pathways involved in cancer
progression. They included activation of caspases, inhibition of NF-kB
activation and VEGF secretion, ROS production as well as changes of
crucial metabolites profile. Moreover, the effectiveness of the studied
compounds was also tested on spheroids of cancer cells (3D culture).

2. Materials and methods
2.1. Thiourea derivatives

The newly synthetized (1-12) 1,3 — disubstituted thioureas were
tested for their potential antitumour activity and their detailed synthesis
was described previously (Strzyga-t.ach et al., 2021).

Analysis of cytotoxic effects of these compounds has shown that the
most promising were derivatives incorporating 3,4-dichloro- (2) and 4-
CF3-phenyl (8) substituents. Selected compounds were highly cytotoxic
against human colon (SW480, SW620), prostate (PC3) cancer cells, and
leukemia K-562 cell lines (IC5¢ < 10 pM), with favorable selectivity over
normal HaCaT cells. The structure of 2 and 8 thiourea derivatives and
their molecular weight were confirmed by 1H NMR, 13C NMR and MS
(Strzyga et al., 2021).

2.2. Cell culture

The human cell lines used in this study, including primary colon
cancer (SW480), metastatic colon cancer (SW620), metastatic prostate
cancer (PC3), chronic myelogenous leukemia (K-562), and immortal
keratinocyte (HaCaT) cell lines, were obtained from the American Type
Culture Collection (ATCC) in Rockville, MD, USA. These cells were
cultivated in specific culture media following established protocols,
which included MEM (Minimal Essential Medium) for SW480 and
SW620, RPMI 1640 (Roswell Park Memorial Institute 1640) for PC3 and
K-562, and DMEM (Dulbecco’s Modified Eagle Medium) for HaCaT cells.
The culture media were supplemented with 10% fetal bovine serum
(FBS), penicillin (100 U/mL), and streptomycin (100 pg/mL). Cell cul-
tures were maintained in a humidified incubator set at 37 °C with 5%
CO5 until they reached the appropriate level of confluence, typically

FsC NHWNH Cl
S

Cl
2

Fig. 1. The structure of studied thiourea derivatives.
1-(3,4-dichlorophenyl)-3-[3-(trifluoromethyl)phenyl]thiourea (2)
1-[3-(trifluoromethyl)phenyl]-3-[4-(trifluoromethyl)phenyl]thiourea (8).
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around 80-90%. Subsequently, the cells were harvested by treating
them with 0.25% trypsin (obtained from Gibco Life Technologies in
Waltham, MA, USA), with the exception of the non-adherent K-562 cell
line, and were then used for further experiments.

2.3. Caspase-3 and caspase-7 activity determination

To assess the activity of executive caspases involved in apoptosis, the
Caspase-Glo 3/7 Assay (Promega, Madison, WI, USA) was employed.
White 96-well luminometer plates were utilized for seeding cells at a
density of 1 x 10% cells/well. After 24 h, the cells were treated with
compounds 2 and 8 at their respective ICsy concentrations for 12, 24,
and 48 h. The assay was then conducted following the instructions
provided by the manufacturer. In summary, the Caspase-Glo 3/7 Buffer
was combined with the Caspase-Glo 3/7 Substrate to create the Caspase-
Glo 3/7 Reagent. Subsequently, 100 pl of the Caspase-Glo 3/7 Reagent
was added to the 96-well luminometer plates containing 100 pl of a
blank, negative control cells, or the treated cells in culture medium. The
luminescence produced was measured after 3 h using a luminometer,
specifically the Synergy HTX Multi-Mode Reader (BioTek Instruments,
USA). The blank, consisting of culture medium with DMSO (Dimethyl
Sulfoxide - the solvent of the tested compounds), was used to determine
the background luminescence. The untreated cells served as the negative
control.

2.4. CellROX test

ROS formation was measured using the CellROX - Oxidative Stress
Reagents assay based on CellROX Green Reagent (Life Technologies,
France). All the tested cell lines were seeded onto 96-well plates (5 x
10* cells per well) and pre-incubated for 24 h. Next, they were cultured
with CellROX Reagent for 30 min at 37 °C in the dark, washed with PBS
(Phosphate Buffered Saline) and treated for 2 h at 37 °C with phenol red-
free culture medium containing the tested compounds at their ICsg
concentrations. As a positive control, a sample with HyO5 (1,5 mM) was
used, whereas a sample without any reagent was the negative control.
The generation of ROS was measured by the Microplate Spectrofluo-
rometer BioTek Synergy with the excitation/emission wavelength of
485/520 nm and expressed as fluorescence intensity (FI).

2.5. NF-kB activity assay

NF-xB p65 (Total/Phospho) ELISA Kit (Enzo Life Science, Plymouth
Meeting, PA, USA) was utilized to measure the levels of total and
phosphorylated nuclear factor-kB (NF-xB) in cell lysates. For the
experiment, cells were seeded in 12-well plates at a density of 1 x 10°
cells/well and incubated with complete medium for 24 h. Subsequently,
the cells were treated with the respective ICsy concentrations of the
compounds under investigation for a duration of 72 h. The resulting cell
pellets were collected and lysed using Cell Lysis Buffer Mix (1X) and Cell
Lysis Mix (5x) following the manufacturer’s instructions. Prior to the
experiment, an equal volume of capture antibody reagent and detection
antibody reagent was prepared. Next, 50 pL of whole cell lysate, a
negative control cell lysis mix, or a positive control cell lysate were
added to the pre-coated ELISA plate. Two types of antibody mixtures,
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total-NFkB p65 antibodies and phospho-NFkB p65 antibodies, were
separately added to each well of the pre-coated plate containing the
sample lysates (50 pL/well) and incubated for 1 h. The plate was then
washed three times before the addition of a detection reagent, which
was allowed to react for 10-30 min. The detection reaction was halted
by adding a stop solution (100 pL/well), and the absorbance was
promptly measured at 450 nm using a Microplate Spectrophotometer
(Thermo Scientific ™ Multiskan ™ GO). Subsequently, the ratio of
phospho-NFkB p65 to total-NFkB p65 was calculated. The data were
compared to the control (untreated cells) and presented as the per-
centage (mean + standard deviation (SD)) of the control.

2.6. VEGF concentration assay

To evaluate the ability of tested compounds to inhibit VEGF secretion
in cancer and non-cancer cell lines the Human VEGF ELISA kit was used
(Life Technologies, France, #KHGO0111). The cells were pated in 6-well
plate at a concentration of 1 x 10° cells/well. After 72 h incubation of
cells with compounds 2 and 8, the medium was collected and used for
VEGF analysis according to the manufacturer’s instruction. The absor-
bance was detected with a microplate reader at 450 nm. The results were
represented as pg/ml.

2.7. Untargeted metabolomic analysis

To the standardized number (0,5 x 10°) of pre-lysed cells (by a
freeze-thaw cycle), 100 pl of ice cold (—20 °C) methanol (LC-MS hyper
grade, Merck) was added and then the samples were centrifuged
(18,000xg, —10 °C, 30 min). After this step, 80 pl of the supernatant was
lyophilized at 22 °C using a concentrator (Eppendorf). Just before in-
jection the lyophilizate was dissolved in a mixture (50:50 ratio) of
ddH20 and acetonitrile supplemented with 0.1% formic acid. The
comprehensive analysis of all the measurable analytes with the both
positive and negative polarity was conducted using SolariX 2xR 7T
(ultra-high resolution Fourier-Transform Ion Cyclotron Resonance Mass
Spectrometry with an electrospray ion source) in straight injection
course (flow rate of 300 pl/h). The capillary in the ion source was given
to 4500 V (positive polarity) and 3500 V (negative polarity) whereas the
ions accumulation time was set to 0.03 s, with the dry gas flow set to 4.0
L/min and drying temperature 200 °C. The assembled MS data were
analyzed using the T-Rex 2D algorithm (MRMS single spectra) in the
MetaboScape 5.0 software (Bruker). The identification of compounds
were accomplished to specific signalling pathways using MetaboAnalyst
5.0 and the KEGG database.

2.8. 3D culture of SW620 cell line

Hydrogel (with cell suspension) was formed and cultured in 8-well
confocal chamber slide according to manufacturer’s instruction (True-
Gel3D Hydrogel Kits, Merck Millipore, Darmstadt, Germany). When the
spheroid culture was formed, it was treated with the selected com-
pounds. Then staining was performed using Live-Dead Cell Viability
Assay Kit for 3D and 2D Cell Culture (Merck Millipore, Darmstadt,
Germany). Briefly, the mixture of culture medium and PBS in 1:1 ratio
was supplemented with dyes: Calcein AM (stains live cells), Propidium
iodide (stains dead cells) and Hoechst 33342 (stains all cells) and added
to 3D cell culture after aspiration of cell medium. The cell viability was
analyzed using confocal microscope FV10-ASW 4.2 Olympus and
ImageJ. Photos were processed in ImageJ 1.53t.

2.9. Statistical analysis

The statistical analysis was performed using the Statistica 13.0
(StatSoft, Inc, USA) program. Comparison between studied groups was
performed by ANOVA with Dunnett’s multiple comparison post hoc test.
Data were expressed as means + SD from 3 separate experiments
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performed in triplicate and considered statistically significant at P <
0.05.

3. Results
3.1. Increase of caspase 3/7 activity

Following the previous observation of an increase in Annexin-
positive cells upon treatment with nearly all the tested compounds, it
was imperative to investigate the involvement of executioner caspases
3/7 in this process. The activity of Caspases 3/7 was assessed using the
Caspase-Glo 3/7 Assay in all tested cell lines, exposing them to studied
compounds 2 and 8 at their ICsy concentrations for 12, 24 and 48 h
(Table 1). Both thiourea derivatives enhanced the activity of caspases 3/
7 in cancer cell lines while showing no impact on their activity in normal
HaCaT cells. It’s noteworthy that thiourea 2 exhibited stronger activa-
tion compared to compound 8, which correlates with the apoptosis
analysis by flow cytometry from our previous study (Strzyga-FLach et al.,
2021). The most pronounced increase of these enzymes activity was
noted in SW480 cell line upon exposure to both compounds for 12 h (by
97% and 102%, respectively). The similar rise was observed in SW620
cell line treated with compound 2 for the same duration (by 104%). In
contrast, the increase of caspases activity in SW620 after treatment with
compound 8 for 12 h was the weakest (by 20%). Subsequently, the
caspase activity gradually decreased in colon cancer cell lines exposed to
these derivatives to levels comparable to those seen in normal HaCaT
cells after 48 h. In PC3 cells, compound 2 raised caspase activity by 29%
after 12 h, then returning to levels similar to those in HaCaT cells.
Conversely, derivative 8 increased caspase activity by 51% in prostate
cancer cells, but this rise was noted after 48 h. Notably, in the K562 cell
line, the activity of caspases 3/7 surged by 64% and 38% after 24 h of
exposure to compounds 2 and 8, respectively.

3.2. ROS formation

The generation of reactive oxygen species (ROS) in tumour cell lines
using thiourea derivatives is an area of significant interest in cancer
research. Researchers are exploring the use of specific thiourea de-
rivatives to induce ROS production in tumour cells as a potential ther-
apeutic strategy. Elevated ROS levels can lead to oxidative stress, which
can damage cellular components and trigger apoptosis in cancer cells.
An investigation into the impact of apoptosis-inducing compounds (2
and 8) on ROS levels in four different cancer cell cultures and non-tumor
cell lines (HaCaT) was conducted after 2 h of incubation (Fig. 2). The

Table 1

The effect of selected compounds (2 and 8) on caspase-3/caspase-7 activity.
Cells were incubated for 12, 24, or 48 h with the tested compounds used at their
IC50 concentrations. Data are expressed as % of control and as the mean + SD.
wxip < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05 as compared to the control.

Cell line Time of incubation [h] 2 [% of control] 8 [% of control]
SW480 12 202 + 4.90%***

24 158 + 9.75%**

48 113 £ 6.43 114 +11.38
SW620 12 204 £ 8.30%*** 120 + 2.17*

24 163 + 4.54%**x 99 + 3.67

48 106 + 7.35 93 + 4.54
PC3 12 129 £ 0.84* 101 + 2.61

24 110 + 8.20 127 + 2.68*

48 103 + 4.17 151 + 15.83***
K-562 12 114 £9.97 103 + 6.92

24 164 + 9.97*** 138 + 8.98**

48 119 + 8.06 101 + 6.85
HaCaT 12 120 +£11.29 116 + 8.69

24 109 + 14.14 107 + 3.33

48 98 +11.10 97 + 4.66
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Fig. 2. Effects of selected compounds on ROS production in SW480, SW620, PC3, K-562 and HaCaT cells. FI (fluorescence intensity) of the CellROX® Green Reagent
in the presence of selected compounds at their IC50 concentrations for 2 h ****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05 as compared to the control.

increase in ROS levels was more pronounced in both colon SW480,
SW620, and leukemia K-562 cells when treated with derivative 2
compared to compound 8. Compound 2 intensified ROS production in
the metastatic SW620 cell line more strongly (by 101%) than in primary
SW480 cells (85%). A similar correlation is evident in the case of de-
rivative 8, with increases recorded at 75% and 61%, respectively.
Thiourea 2 nearly doubled the ROS levels in K-562 cell lines, while
derivative 8 in the mentioned cell culture increased them by 15%. In
contrast to the previous cell lines, in PC3 cell line the derivative 8
exhibited a significantly stronger impact on ROS, resulting in an 86%
increase, while compound 2 caused an increase of only 19%. The
heightened production of ROS has the potential to trigger apoptosis or
necrosis in cancer cells. The extent of ROS generation was found to be
the least pronounced in HaCaT cells (3.3-5%). This observation aligns
with a limited induction of caspase-dependent apoptosis and reduced
cytotoxicity, as evidenced by the results of the MTT assay shown in our
previous work (Strzyga-t.ach et al., 2021).

3.3. NF-kB p65 activity

Given the tumour-promoting effects of NF-«kB, the current thera-
peutic approach focuses on suppressing NF-xB activation. To assess the
impact of selected thiourea derivatives 2 and 8 on NF-kB activation, it
was conducted an NF-kB p65 (Total/Phospho) ELISA Kit assay. This

assay is based on the concept that NF-kB becomes activated upon
phosphorylation. Therefore, a higher ratio of phospho/total NF-xB in-
dicates increased NF-kB activation.

Both thiourea derivatives exhibited inhibitory effects on NF-«xB
activation in cancerous cells but not in non-tumor HaCaT cells (Fig. 3).
The reduction in NF-xB activity was the most pronounced in prostate
cancer cells, where NF-kB activity decreased by 63% and 34% of control,
respectively. Likewise in liquid tumor “leukemia” the reducing effect for
NF-xB activation was similar for both compounds, and accounted by
around 30%. The similar inhibitory effect was observed in primary
(SW480) and metastatic (SW620) colon cancer cells. The reduction in
NF-kB activity in SW480 line was by 33% (for derivative 2) and 28% (for
compound 8), while in SW620 cells, by 30% and 31%, respectively.

3.4. VEGF secretion

Angiogenesis is essential not only for many physiological processes
but also for various pathological conditions, including tumor growth
and metastasis. Therefore, among therapeutic perspectives for treating
primary malignant human tumors and their metastases is to interrupt
angiogenesis pathways. One of the target in these process can be
vascular endothelial growth factor (VEGF), which concentration was
evaluated in culture medium of cancer and normal cell lines treated with
studied compounds 2 and 8 (Fig. 4). Our analysis revealed that both
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Fig. 3. The effect of compounds 2 and 8 on NF-kB activation. Cancer and
normal cells were treated with studied compounds at their ICsy concentrations
for 72 h. Data are expressed as ratio of Phospho/Total p65 NF-kB. Data are
expressed as the mean + SD. ****p < 0.0001; ***p < 0.001; **p < 0.01; *p <
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Fig. 4. Effects of compounds 2 and 8 on VEGF secretion, measured by the
ELISA test. Cells were incubated for 72 h with tested compounds at their IC50.
Data are expressed as the mean + SD. ****p < 0.0001; ***p < 0.001; **p <
0.01; *p < 0.05 as compared to the control.

compounds inhibited VEGF secretion in cancer cell lines while main-
tained the same concentration in HaCaT cells compared to control cells.
Thiourea derivative 2 was more potent in SW480 and K562 cells than in
the rest of cancer cell lines, while compound 8 had better inhibitory
effect in SW620 and PC3 cells. Prostate cancer cells were the most
sensitive with decrease of VEGF amount by 68% after incubation with
compound 8. Similarly, PC3 and K562 were the most responsive to
compound 2 which reduced the amount of VEGF by around 60% in these
cell lines. The decrease of VEGF in K562 after incubation with derivative
8 was lower than after treatment with compound 2, by 55%. Colon
cancer cell lines, SW480 and SW620 were less susceptible to both
compounds. After treatment with compound 2, the concentration of
VEGEF in these cell lines were decreased by 38 and 35%, respectively. In
contrast, derivative 8 gave better effect in SW620 cells, than in SW480
cells, with reduction of VEGF amount by 46% and 18%, respectively.

3.5. Metabolomic analysis

Assay of metabolomic profile in all cancer cells showed significant
changes in various pathways including: arachidonic acid, steroids,
sphingolipid and pyrimidines metabolism.

We analyzed the metabolomes of all studied type of cancer cells and
observed that the metastatic colon cancer cell line SW620 was the most
metabolically altered after treatment with tested thiourea derivatives
(Fig. 5, Supplementary material). Thus, primary colon cancer cells
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Fig. 5. Heat map of metabolites involved in discussed biological processes.
Metabolomic analysis was provided after 72h for compounds 2 and 8 in SW620,
SW480, PC3 and K562 cells. In this graph are presented only metabolites with
significantly changed concentration in comparison to untreated group (for each
cell line). The row labels correspond to the KEGG ID characteristic for each
metabolite i.e., C00062 - L-Arginine, C00219 - Arachidonic acid, C00249 -
Palmitic acid, C00319 - Sphingosine, C00418 - Mevalonic acid, C00427 -
Prostaglandin H2, C00429 — Dihydrouracil, C00523 — Androsterone, C00696 -
Prostaglandin D2, C00712 - Oleic acid, C00762 — Cortisone, C00836 — Sphin-
ganine, C00906 — Dihydrothymine, C00951 - Estradiol, C01143 (S)-5-Diphos-
phomevalonic acid, C01595 - Linoleic acid, C01801 — Deoxyribose, C03205 —
Deoxycorticosterone, C04805 - 5-HETE, C05284 11b Hydroxyandrost-4-ene-
3,17-dione, C05497 - 21-Deoxycortisol, C06124 - Sphingosine-1-phosphate,
C11134 - Testosterone glucuronide, C11133 - Estrone glucuronide, C14748 -
20-HETE.

(SW480) exhibited suppressed pyrimidines catabolism and reduction in
intensity of sphingolipids metabolism after treatment with compounds 2
or 8. The greatest changes in the intensity of the lipid metabolites was
noticeable in the metastatic colon cancer cells (SW620), as well as dif-
ferences in arginine metabolism were observed in the presence of
compound 2. Both thioureas increased the metabolites intensity of
arachidonic acid, such as prostaglandin H2, E2 as well as 5-HETE.
Moreover, metabolites have been reduced under the action of selected
thiourea derivatives, including steroid hormone derivatives a.o.: corti-
sone, androsterone and testosterone.

We also observed differences in the metabolome of metastatic
prostate cancer cells PC3. After administration of derivative 2, the rise of
5-HETE was observed, meanwhile the set of reduced metabolites
included, mainly steroid-derived, such as androsterone, but also sphin-
gosine. Compound 8 also changed metabolome in PC3 line, but stronger
than derivative 2. In the group of metabolites with increased intensity
were 5-HETE, metabolites of cholesterol synthesis (mevalonic acid) and
sphingolipid metabolites, whereas in the group of reduced metabolites
there were no significant changes beside drop of deoxyribose.

Interestingly, in leukemias (hematological malignancy) after treat-
ment with derivative 2, uracil catabolism was positively affected,
whereas no significant silencing of metabolic pathways was noted.
Moreover, stimulation of sphingolipid, cholesterol and steroid hormones
metabolism was observed.

In addition, a less changes in arachidonic metabolism after treatment
with compound 2 and intensification of steroidogenesis after treatment
with compound 8 were observed in HaCaT cells.
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3.6. Viability of 3D culture of SW620 cells

The evaluation of 3D culture viability revealed that the examined
thiourea derivatives displayed greater cytotoxicity towards SW620 cells,
compared to the control (Fig. 6). Compound 2 exhibited a more potent
cytotoxic effect than compound 8, evident from the higher fluorescence
intensity (FI) of propidium iodide. Additionally, ImageJ analysis of FI
indicated a 73% reduction in the viability of SW620 cells treated with
compound 2 compared to the control (85%). Meanwhile, the percentage
of viable SW620 cells exposed to compound 8 decreased by 16%.

4. Discussion

Our previous research revealed the potent anticancer activity of
thiourea derivatives, specifically the dihalogenophenyl derivative 2 and
its para-substituted analog compound 8 (Strzyga-f.ach et al., 2021). This
current study aims to further explore and understand the mechanisms
underlying their cytotoxicity in cancer cells.

Apoptosis is a crucial process targeted by anticancer drugs (Pfeffer
and Singh, 2018). Our earlier research showed that thiourea derivatives
induce apoptosis in various cancer cell lines (Strzyga-f.ach et al., 2021).
Herein, induced apoptosis was confirmed by measurement of caspase
3/7 activity. Caspase-3 plays a crucial role in apoptosis induced by
cytotoxic drugs, radiotherapy, or immunotherapy in cells (Zhou et al.,
2018). Once activated by proteolytic cleavage, it commits the cell to
programmed death, making it a reliable indicator of cancer therapy
effectiveness (Huang et al., 2017). Thiourea derivatives 2 and 8 acti-
vated caspases 3/7 in all tested cancer cell lines, with the most signifi-
cant effect observed in SW480 cells. Interestingly, metastatic SW620 and
leukemia K562 cells were more sensitive to compound 2, while prostate
cancer cells responded better to compound 8. These findings correlate
with apoptosis measured by flow cytometry and suggest that apoptosis
induced by thiourea derivatives may rely on caspase 3/7 activation.

The cytotoxicity of many chemotherapeutics such as anthracyclines,
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platinum complexes, and camptothecins involves increase of the ROS
level, resulting in a change of the cell redox state (Marullo et al., 2013).
ROS serve dual roles in cancer cells: at low levels, they promote cell
proliferation, migration, and angiogenesis, while at high levels, they
induce cell death (Gorrini et al., 2013; Pelicano et al., 2004). Cancer
cells have higher ROS levels due to enhanced antioxidant systems,
making them sensitive to external stimuli that further increase ROS
production (Perillo et al., 2020). Therefore, increase of ROS level in
tumor cells is crucial, as it holds the potential to influence apoptotic
pathways in cancer cells. Exposure to thiourea derivatives 2 and 8
resulted in elevated ROS levels in cancer cell lines, with differences
observed depending on type of substituent or to the sensitivity of the cell
lines. Derivative 2 demonstrated greater efficacy to colon cancer and
leukemia cells, while prostate cancer cells responded better to com-
pound 8. This aligns with the induction of apoptosis and cytotoxicity
observed with these compounds. The thiourea derivatives have been
observed to induce apoptosis by generating burst of ROS. The complexes
of N,N-disubstituted cyclic metallothiourea ligands have activated ROS
generation in HeLa cells, decreased the mitochondrial membrane po-
tential followed by the release of Cyt-C, and initiated a cascade of cas-
pase 9 and caspase 7, which are effectors in apoptosis (Yu et al., 2020).

Since ROS can modulate various signalling pathways through redox-
sensitive transcription factors, we have assessed their impact on NF-kB.
ROS can regulate the NF-kB cascade both positively, in the early phase,
by enhancing NF-xB activation, and negatively, in the late phase, by
inhibiting its activation (Khan et al., 2021). The constitutive expression
of NF-kB represents a defensive strategy employed by cancer cells to
counteract apoptosis by promoting proliferation, invasion and metas-
tasis, remodelling cancer cell metabolism and inducing therapeutic
resistance (Aggarwal and Sung, 2011; Rasmi et al., 2020). Therefore,
inhibition of this transcription factor signalling pathway may have
promising anticancer effects and may improve existing cancer therapies
(Park and Hong, 2016). Studied thiourea derivatives significantly
reduced NF-kB activity across various cancer cell lines with no notable
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Fig. 6. Growth and viability analysis of the 3D tumour spheroids. Representative confocal fluorescence microscopy images of SW620 spheroids after treatment with
2 and 8 compound. The spheroids were stained with calcein AM (green), propidium iodide (red) and hoechst 33342 (blue). Scale bars = 100 pm ***p < 0.001, **p
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changes observed in non-cancer HaCaT cells. Compound 2 exhibited
stronger suppression, particularly in PC3 cells decreasing NF-kB activity
by 63%, while compound 8 reduced it by 34%. Notably, metastatic
cancer cells showed higher basal levels of activated NF-kB compared to
non-metastatic and normal cells, suggesting its importance in cancer
migration and invasion (Yan et al., 2010). The NF-kB pathway plays a
crucial role in angiogenesis by regulating the expression of vascular
endothelial growth factor (VEGF) (Rastogi et al., 2023; Zhang and Luo,
2018). Cancer cells produce VEGF to stimulate angiogenesis, which is
essential for tumour growth and metastasis. The overexpression of VEGF
is associated with more aggressive and metastatic type of cancers.
Furthermore, the increasing evidences have shown that VEGF plays
significant role in haematological malignancies, by inducing mitotic
responses, initiating growth, promoting survival and migration and
enhancing the self-renewal of leukemia progenitor cells (Medinger and
Passweg, 2014; Song et al., 2012, 2020). VEGF levels were markedly
elevated in CML patients, especially during the blast crisis phase, than in
normal controls (Chen et al., 2015). Inhibition of VEGF suppresses K562
cell proliferation, highlighting its role in angiogenesis and leukemic cell
growth (He et al., 2003). Thiourea derivatives, synthesized based on the
clinically used sorafenib, have shown promise as anti-angiogenic com-
pounds (Al-Ansary et al., 2021; Bai et al., 2020; Elebiyo et al., 2022; Sun
et al., 2018). Benzimidazole thiourea derivatives revealed anticancer
and anti-VEGF2 activity in leukemia cell lines (Aboutaleb et al., 2023),
while 1,3,4 - thiadiazine-thiourea compound 5j exhibited inhibitory
activity of VEGFR2 (Vascular endothelial growth factor receptor 2),
close to sorafenib in non-small cell lung cancer cell line A549 (Ragab
et al,, 2019). In our study, these derivatives demonstrated potent
inhibitory effects on VEGF expression, particularly in PC3 and K562
cells, followed by SW620 and SW480 cells.

The positive response observed in metastatic cancer cell lines to
these thiourea derivatives is particularly encouraging, given the signif-
icant role of metastasis in cancer-related mortality. Metastatic cancer
cells produce various angiogenic factors that promote neo-
vascularization, motility, and invasion into surrounding tissues,
contributing to disease progression. Therefore, targeting angiogenesis
with compounds like thiourea derivatives holds promise for improving
cancer treatment outcomes (Vene et al., 2012).

Metabolic changes play a pivotal role in both carcinogenesis and
tumour progression, affecting various cellular processes such as growth,
autophagy, apoptosis, and drug resistance. Several metabolites,
including nucleotides, cholesterol, steroids, and sphingolipids, are
closely associated with tumour aggressiveness and invasiveness. Any
alterations in metabolism can profoundly influence cancer development
and response to treatment. Our comparison of metabolic profiles
revealed significant changes, with the most pronounced alterations
observed in SW620 cells. However, we also observed intriguing changes
in SW480, PC3 and K-562 cells following exposure to modified thiourea
derivatives. Notably, primary colon cancer cells exhibited decreased
levels of sphingosine and sphinganine. Sphingosine 1-phosphate (S1P), a
metabolite derived from sphingosine, has been implicated in various
processes related to tumorigenesis, including inflammation and neo-
vascularization (Garcia-Barros et al., 2014; Pyne and Pyne, 2010).

Prostaglandins (PGs) have dual effects on tumour development, with
their role depending on various factors like the target tissue, their
plasma concentration, and the prostaglandin subtype (Wang et al.,
2022). Prostaglandin D2 (PGD2) seems to inhibit tumour progression
contributing to the less expansion of gastric adenocarcinoma by inhib-
iting the peroxisome proliferator-activated receptor gamma (PPARy)
pathway or regulation of the tumour microenvironment, limiting
excessive responses to vascular permeability and TNF-o (Tumor Necrosis
Factor-a) production (Jara-Gutierrez and Baladron, 2021; Murata et al.,
2011). However, ongoing research is continuously exploring to establish
the unequivocal positive or negative role of this prostaglandin in CRC
(Colorectal Cancer).

Metastatic colorectal cancer cells exhibit reduced levels of steroid
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hormones like progesterone, pregnenolone, and cortisol. Hormones play
varied roles in colon cancer progression: estrogen and glucocorticoids
may boost tumour growth, while androgens and progesterone may
suppress it. Tumor-derived glucocorticoids may modulate anti-tumor
immune responses and consequently facilitate tumor evasion from the
immune system (Sidler et al., 2012; Zhang et al., 2021).

The metabolome of PC3 cells changed with the increase of 5-HETE
and the reduction of androsterone and sphingosine in the presence of
compound 2 whereas after treatment with compound 8 these metabo-
lites were in higher concentrations and only depletion of deoxyribose
was observed. It seems that the action of compound 2 led to more
favorable metabolic changes due to the reduction of compounds
involved in tumor progression (Penning and Detlefsen, 2020).

Moreover, leukemia cells affected by compound 8 showed the
stimulation of sphingolipid, cholesterol and steroid hormones meta-
bolism. Those metabolites can increase aggressiveness and invasiveness
of cancer (Watek et al., 2017).

The analysis of cytotoxicity, proapoptotic activity and metabolomics
has shown that thiourea derivative 2 exhibited significant and inter-
esting alteration in SW620 cells. Subsequently, we investigated its
consistency in cytotoxic effect within 3D cultured SW620 -cells,
providing a more physiologically relevant environment compared to flat
cultures (Freitas de Morais et al., 2023). Assessment of 3D cell culture
viability confirmed higher cytotoxicity of both compounds compared to
the control. Notably, the viability of SW620 spheroids exposed to
compound 2 was significantly lower than that observed in 2D cell cul-
ture, indicating a potentially favorable bioavailability profile for com-
pound 2. In contrast, 3D culture of metastatic colon cancer cells showed
less sensitivity to derivative 8 than 2D cell cultures.

Similar results were obtained by Jonson et al. after treatment of
SW620 spheroids with standard anticancer drugs: oxaliplatin (OX) and
fluorouracil (FU) (Johnson et al., 2022). These drugs exhibited lower
effectiveness in 3D culture than in monolayer. Enhanced drug resistance
in 3D culture may result from factors like altered phenotype and geno-
type, intercellular signalling via ECM (Extracellular Matrix) in-
teractions, limited diffusion, hypoxia-induced gene activation for cell
survival and drug sensitivity, cell stage variations, and surface receptor
expression changes (Edmondson et al., 2014).

5. Conclusion

In conclusion, thiourea derivatives represent a promising class of
compounds with significant potential for medicinal applications,
particularly in the field of cancer therapeutics. The recent advancements
in the design and synthesis of thiourea compounds have yielded ana-
logues with potent cytotoxic effects on cancer cells, while ongoing
research continues to uncover their underlying mechanisms of action.
These studies contribute to the growing body of knowledge surrounding
the development of thiourea derivatives as effective anticancer agents
and hold promise for the future of personalized and targeted cancer
treatments.
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Abstract

New halogenated thiourea derivatives were synthesized via the reaction of
substituted phenylisothiocyanates with aromatic amines. Their cytotoxic activity
was examined in in vitro studies against solid tumors (SW480, SWé620, PC3), a
hematological malignance (K-562), and normal keratinocytes (HaCaT). Most of the
compounds were more effective against SW480 (1a, 3a, 3b, 5j), K-562 (2b, 3a, 4a), or
PC3 (5d) cells than cisplatin, with favorable selectivity. Their anticancer mechanisms
were studied by Annexin V-fluorescein-5-isothiocyanate apoptosis, caspase-3/
caspase-7 assessment, cell cycle analysis, interleukin-6 (IL-6) release inhibition, and
reactive oxygen species (ROS) generation assay. Thioureas 1a, 2b, 3a, and 4a were the
most potent activators of early apoptosis in K-562 cells, and substances 1a, 3b, 5j
triggered late-apoptosis or necrosis in SW480 cells. This proapoptotic effect was
proved by the significant increase of caspase-3/caspase-7 activation. Cell cycle
analysis revealed that derivatives 1a, 3a, 5j increased the number of SW480 and
K-562 cells in the sub-G1 and/or GO/G1 phases, and one evoked cycle arrest at the
G2 phase. The most potent thioureas inhibited IL-6 cytokine secretion from PC3 cells
and both colon cancer cell lines. Apoptosis-inducing compounds also increased ROS

production in all tumor cell cultures, which may enhance their anticancer properties.

KEYWORDS

apoptosis, caspase-3/caspase-7 activation, cell cycle analysis, cytotoxic activity, thiourea
derivatives

The 1,3-disubstituted thiourea structural motif constitutes a useful

framework of a variety of chemotherapeutics and bioactive agents

Cancer is a leading cause of death worldwide, just after heart disease.
According to the World Health Organization (WHO), among the
different types of cancers, lung cancer is the most common, whereas
prostate and colorectal cancers come in the next places. Moreover,
breast cancer is the main cause of female deaths related to cancer

gIobaIIy.m
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exhibiting a broad range of pharmacological properties, such as
antibacterial,?¢! antiviral,”® anticonvulsant,”*? anti-inflammatory,**4
antioxidant,*? or anticancer.™® Antitumor action of small molecules,
such as diaryl(thio)ureas (Figure 1), can comprise several possible
mechanisms. They can trigger apoptosis via either mitochondrial

(intrinsic) or extracellular (extrinsic) pathways. The first route is activated
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in response to cellular stress, including DNA damage and the presence of
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reactive oxygen species (ROS). The extrinsic pathway is initiated by the
binding of an external ligand (e.g., tumor necrosis factor receptor, TNF-q)
to a receptor on the cell membrane. Both pathways stimulate cysteine
proteases, called caspases, divided into initiators (caspase-2, caspase-8,
and caspase-10) and executioner (effector) caspases (caspase-3,
caspase-6, and caspase-7). A chain reaction, in which executioners are
finally activated, leads to the degradation of cellular organelles and

programmed cell death.l'¥ It was found that analogs of sorafenib, an

urea-based chemotherapeutic, are able to induce apoptosis and necrosis
of Hep-G2 cells just by caspase-3/caspase-7 and lactase dehydrogenase

[16]

(LDH) release.™ The presence of Au(l)-thiourea complexes,”* as well

("7 increased levels of cleaved

as a thioureidic derivative of capsaicin
caspase-3 in Hela and A2058 melanoma cells, respectively. The
development of fluorinated diarylurea analogs could result in a novel
therapy for a variety of breast cancers, as they increased the activation
of AMP-activated protein kinase (AMPK), reducing fatty acid synthesis

and cycle flux in malignant cells."® It was estimated that substituted
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FIGURE 1 Examples of anticancer compounds containing urea or thiourea moieties.
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1 are able to

thiourea derivatives, similarly to their thiazolidine analogs,
arrest cancerous cells in the pre-G1 phase,?°?" G0/G1 phase 17?2 or
induce cell apoptosis at the G2-M phase.?%"?4! Synthetic 1,3-phenyl
bis-thiourea compounds cause cancer cell death by mitotic arrest in the

1251 \whereas brominated diarylthioureas accumulate them

prometaphase,
in the S phase.??! These compounds cause visible morphological changes
in cancer cell components, such as the plasma membrane, lysosomes,
and mitochondria.?”!

Human epidermal growth factor receptors (EGFR, also erbB or HER)
play an important role in cell growth, differentiation, and angiogenesis.
Targeting them by tyrosine kinase inhibitors (TKI) is another example of
tumor-specific therapy. Several halogenated diphenylurea derivatives
(sorafenib, linifanib) and their newly synthesized thiourea analogs have
been recently described as inhibitors of the intracellular kinase domain of
human epidermal growth factor receptor 2 in breast cancer cells®® or
mutant EGFR inhibitors in lung cancer cell lines.”” An inhibitory effect
against two types of EGFR tyrosine kinases of HepG2 cells was observed
for benzo[d][1,3]dioxol-5-yl thiourea derivatives.?>?Y Hamed et al.*?
developed fluorinated diarylthiourea derivatives that are dual suppressors
of both EGFR kinase and the activity of nuclear-kappa B factor, a
transcription factor induced by a cancer cell after treatment with HER
inhibitors. Additionally, an overactivation of this factor is observed in
inflammatory and autoimmune diseases.'¥ Substituted thiourea com-
pounds have also been described in lung cancer cells as blockers of Ras
kinase proteins of enzymes that are regulators of cell proliferation,
differentiation, and survival® Antiangiogenic properties of ureas/
thioureas were demonstrated by selective inhibition of tyrosine kinases

[32]

in hepatocellular carcinoma,**! lung cancer,™ or vascular endothelial

cells %!

Anticancer agents can also act as inhibitors of other enzymes of
different classes, such as hydrolases, oxidoreductases, or lyases,
overexpressed in human tumors. Acridine (thio)urea compounds
were reported to target the catalytic cycle of topoisomerases | and
Il, responsible for the decatenation and relaxation of supercoiled
DNA .4 pyrimidine acyl thioureas described by Koca et al.®*! block
the ATP binding site of heat shock protein Hsp90 of invasive breast
cancers and their bone metastasis. Besides, pyrimidine-thiourea
hybrids suppressed the gene expression of histone lysine demethy-
lase 1 (LSD 1) in gastric cancer cells.!®¢! On the other hand, carbonic
anhydrase providing bicarbonate for the synthesis of nucleotides
and membrane lipids in cancer cells, was inhibited by thioureido
benzenesulfonamide derivatives.®”! Studies have shown that
derivatives bearing the arylthiourea core are also known as direct

[38]

DNA intercalators, such as ciprofloxacin-thiourea hybrids or a

variety of acridinyl(thio)urea compounds.ml A variety of carbazole

conjugates have been developed as potential anticancer

agents,'“°"#2] and among them urea-derived compounds possessed
potent broad-spectrum activity against a variety of solid tumors,
acting as human DNA topoisomerase Il inhibitors and apoptosis-

inducing agents.[°!

Encouraged by our previous studies!*®!

and prompted by findings
of other researchers, in this work we designed and synthesized a

structurally differential series of halogenated 1,3-bisphenylthioureas,
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to select small molecules with apoptosis-inducing properties, able to
induce caspases activity, increase the level of ROS and disturb the

cell cycle in tumor cells.

2 | RESULTS AND DISCUSSION

2.1 | Chemistry

A group of 16 new diphenylthiourea derivatives were synthesized
by condensation of aromatic amines with substituted phenylisothio-
cyanates, according to the one-step reaction procedure indicated in

our previous paper (Scheme 1).1%! Our earlier investigations!>*3#4

and conclusions of other authors!!®16:22:23.26.30,81,35.37]

pointed out
that the biological activity of thiourea compounds is affected by the
presence of strong (-NO,, -CF3, -CN) or weak (-F, -Cl, -Br, -I)
electron-withdrawing functionalities (R,) on terminal aromatic rings,
as well as an electron-donating -OCHj3 group here.l32-344% The
choice of the size of amine rings (Ry)—mainly phenyl, but also bulky
carbazolyl—was dictated by the high probability of finding potent
derivatives among them [30:31,35,40,44] Therefore, the studies re-
ported herein focused on various halogenated derivatives bearing
aromatic amine nuclei of different size and substituents. The series
was divided into subseries to highlight the differences in the
structure of terminal amines, namely diarylthioureas: 4-bromo-2,6-
4-chloro-3-nitrophenyl (3a, 3b), 3,3'-
dimethoxy-[1,1'-biphenyl (4a) and 2-cyanophenyl (5a-5j) and

dichlorophenyl (1a),

heteroaromatic 9-ethyl-9H-carbazol-3-yl (2a, 2b) derivatives.
Tested analogs include both mono- (1a, 4a, 5a, 5f-5j) and
disubstituted (2a, 2b, 3a, 3b, 5b-5e) thioureas containing halogens,
-CF3, -NO,, -OCH3 or -CN groups. Among this diverse group,
the presence of only one 4-bromo-2,6-dichlorophenyl derivative
(1a) was a result of a weak reactivity of the starting amine and
difficulties to carry out the synthesis. Compounds 3a, 3b expand the
previously reported broad group of 4-chloro-3-nitrophenylthiourea
derivatives with high cytotoxic properties.** Inclusion of carbazolyl

derivatives, reported as cytotoxic,[4°’42]

was aimed to compare the
biological properties of molecules bearing a condensed heterocyclic
core (2a, 2b) with biphenyl (4a) and smaller phenylthiourea (1a, 3a,
3b, 5a-5j) derivatives. The formation of target compounds was
confirmed by structural characterization techniques such as H
nuclear magnetic resonance (NMR), 3C NMR, and -high-resolution
mass spectrometry (HRMS). Purity of novel compounds was
established by high-performance liquid chromatography (HPLC)

method and have met above 95% requirement for all of them.

2.2 | Biological studies

2.2.1 | Cytotoxic activity

The in vitro cytotoxic evaluation of the synthesized series 1a-5j was
investigated against five target cell lines: SW480 (primary colon cancer),
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SCHEME 1 Synthesis of thiourea derivatives 1a-5j.

SW620 (metastatic colon cancer), PC3 (metastatic prostate cancer),
K-562 (chronic myelogenous leukemia), and normal HaCaT (immortal-
ized human keratinocytes), by using the 3-[4,5-dimethylthiazole-2-yl]-
2,5-diphenyltetrazolium bromide (MTT) colorimetric assay (Table 1).
Doxorubicin and cisplatin are some of the most effective anticancer
drugs issued as positive controls. Among the studied thioureas, a group
of seven compounds was active at <10 uM against at least one cancer
cell line. The SW480 and K-562 cell cultures appeared to be the most
sensitive to the presence of tested substances, whereas the PC3 line
remained not very vulnerable. Numerous thioureas were even more
effective against SW480 (1a, 3a, 3b, 5j), K-562 (2b, 3a, 4a), or PC3 (5d)
cell lines than the reference cisplatin, with generally severalfold more
beneficial SI and lower inhibitory concentrations (ICsg). The most
versatile derivative 1a inhibited the growth of both colon tumor and
K-562 cells at an ICso ranging from 4.4 to 10.7 uM, with adequate
selectivity indexes (7.3-17.7). Similarly, the thiourea 3a was potent
toward all three cancerous cell lines at 7.6-9.7 uM. Structural analogs of
these compounds, that is, derivatives 2b and 4a displayed selective
cytotoxic action against K-562 leukemia cells at the same concentration
level (7.6-7.9 uM). Moreover, other halogenated thiourea compounds
revealed their anticancer potency, particularly toward SW480 (3b, 5j) or
PC3 (5d) cells at the concentration range 7.9-10.5uM. Selectivity
indexes of derivatives mentioned above ranged from 2.5 (3b) to 12.7
(5j). The rest of the investigated compounds possessed moderate
cytotoxic effects, mainly anti-leukemia (3b, 5d, 5h) and anticolon
carcinoma (3b, 5a), with ICso from 13.2 to 19.8 uM. The most favorable
drug candidates were weakly (1a, 5j) or moderately (2b, 3b, 4a, 5d)
cytotoxic against the HaCaT cell line, incomparably less than the
reference chemotherapeutics. The Sl values of these compounds
applied at their ICso ranged from 2.4 to 17.7 and were higher than
estimated for the reference drugs (Sl from 0.4 to 1.5). The derivative 3a
was the most cytotoxic toward normal keratinocytes, with selectivity

indexes varying from 1.5 to 1.9.

2.2.2 | Structure-activity relationship
A variety of terminal rings linked with a thiourea branch and electron-
negative functionalities attached to phenyl moieties allowed to
analyze their impact on cytotoxic properties. The study of structure-
activity relationship of the new thiourea derivatives is presented in
Figure 2. According to our investigations, the phenylamine-derived
part of a thiourea structure (R4) was the most crucial aspect of its
biological activity. Compounds containing 4-bromo-2,6-dichloro- (1a)
and 4-chloro-3-nitrophenyl (3a, 3b) nuclei constituted the most
cytotoxic group, active against three cancer cell lines. When the
cyano group was inserted into the phenyl ring at the place of halogen
atoms, the cytotoxic properties of a corresponding thiourea deriva-
tive have visibly diminished (1a — 5a, 3a = 5e, 2b — 5c), except from
2-chloro-4-chloro- (5d) and 3-bromophenyl (5h) derivatives, effective
against PC3 and K-562 cells. On the other hand, the replacement of
bromine (5i) to iodine (5j) on para-position of the benzene ring
resulted in increased cytotoxicity against SW480 cells. The expansion
of phenyl to 9-ethyl-9H-carbazol-3-yl moiety led to decreased
activity (2a). However, the high cytotoxicity against K-562 cells was
observed when the fluorine atom (2a) was replaced by chlorine (2b).
Additionally, considering the second terminal moiety, disubstituted
derivatives with at least one chlorine atom (2b, 3a, 3b, 5d), as well as
meta-CF3-substituted analogs (1 revealed distinct cytotoxic effects. The
4a) revealed distinct cytotoxic effects. The presence of a 3-CF5; group
promoted the cytotoxic activity toward K-562 (1a, 4a, 5a) and SW480/
SW620 cells (1a, 5a), with a high SI over normal cells. Comparing
monohalogenophenyl analogs, an increase in cytotoxicity against
SW480 cells for 4-iodophenyl (5§) and toward PC3/K-562 lines for
3-bromophenyl compounds (5h) was noticed. Derivatives bearing chlorine
or bromine functionalities in other positions on the aromatic ring were
weakly potent. For 2-cyanophenyl analogs, an introduction of chlorine or
bromine instead of the iodide atom led to a gradual change in cytotoxic
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TABLE 1 Cytotoxic activity (ICso, M) and lipophilicity (iLogP) of studied compounds estimated by the MTT assay.?
Cancer cells Normal cells
SW480° SW620° Pc3f K-5628 HaCaT"

Compound R, ICs0° si ICs0 sl ICso Sl ICs0 S| ICso iLog|P'
1a 3-CF3 44+11 17.7 9.1+0.8 8.5 >100 0.8 10.7+0.3 7.3 77.8+8.2 3.45
2a 3-Cl-4-F 53.1+£0.7 0.4 59.8 +13.6 0.4 36.9+0.5 0.6 53.9+£9.0 0.4 234+42 3.24
2b 3-Cl-4-Cl 459+29 0.5 27.2+43 0.9 >100 0.2 7.6+x24 3.3 252+3.2 3.37
3a 2-CI-3-Cl 9.7+0.7 1.5 7.6+0.6 1.9 24.9+3.2 0.6 7.8+22 1.9 14.6+4.8 2.57
3b 2-CH3-3-Cl 9.0+0.5 25 19.8+0.9 11 40.5+1.1 0.6 15.2+3.0 15 22.6+5.0 3.96
4a 3-CF3 37.2+0.1 1.4 30.4+3.9 1.8 79.3+5.2 0.7 79+04 6.8 53.8+5.2 4.19
5a 3-CF3 38.2+6.2 2.6 13.2+0.1 7.6 458+4.1 22 26317 3.8 >100 242
5b 3-Cl-4-F 26927 3.7 452+2.6 2.2 >100 1.0 40.5+5.2 25 >100 2.37
5c 3-Cl-4-Cl >100 1.0 >100 1.0 23.8+0.6 4.2 83.2+9.3 1.2 >100 2.51
5d 2-Cl-4-Cl >100 0.4 >100 0.4 10.5+1.2 3.5 14.1+4.2 2.6 37.1+4.1 2.69
Se 2-CI-3-Cl 24953 4.0 >100 1.0 >100 1.0 223+18 4.5 >100 2.62
5f 2-Cl 56.3+8.8 0.5 >100 0.3 >100 0.3 31.8+5.1 0.9 29.8+23 2.54
5g 4-Cl >100 1.0 66.2+2.2 1.5 >100 1.0 441+51 2.3 >100 244
5h 3-Br >100 1.0 >100 1.0 142+20 7.0 16.9+6.2 5.9 >100 2.49
5i 4-Br >100 1.0 >100 1.0 >100 1.0 63.8+x4.4 1.6 >100 2.55
5j 4-| 7.9+3.2 12.7 53.1+1.0 19 81.7+4.2 1.2 47.7+1.2 21 >100 2.52
Doxorubicin/ - 0.75+0.1 0.4 0.3+0.1 1.0 0.3+0.1 1.0 0.2+0.1 1.5 0.3+0.1 -
Cisplatin® = 10.4+0.9 0.6 6.7+1.1 0.9 13.2+21 0.5 8.2+4.1 0.8 6.3+0.7 =

?Data are expressed as mean SD.
PHuman primary colon cancer (SW480).

“ICsp (LM)—the half-maximal growth inhibitory concentration after cultured the cells for 72 h with the individual compound.

%The SI (Selectivity Index) was calculated using the formula: Sl = ICso for normal cell line/ICso cancer cell line.

*Human metastatic colon cancer (SW620).

fHuman metastatic prostate cancer (PC3).

EHuman chronic myelogenous leukemia (K562).

"Human immortal keratinocyte cell line from adult human skin (HaCaT).
iiLogP—calculated on http://www.swissadme.ch/.

IThe reference compounds.

The reference compounds.

properties (5j > 5f > 5h for SW480 and 5h > 5f > 5j for K-562 cell line).
Considering disubstituted chlorophenyl-derived thioureas, the presence
of the 2,3-dichlorophenyl moiety (3a) gave the highest activity against
three cell lines. Additionally, comparing terminal fragments of dichlor-
ophenyl isomers 5c-5e, the activity against K-562 cell line was found to
decrease as follows: 2,4-dichloro- >> 2,3-dichloro- > 3,4-dichlorophenyl.

It is assumed that the ideal lipophilicity range for passive
membrane permeability is between 0 and 3, followed by the more
lipophilic range between 3 and 5.5 The lipophilicities of strongly
active thiourea derivatives, expressed as iLogP values, ranged from
2.57 to 4.19, reaching the optimal value of 3.45 for the most
powerful trihalogenophenyl compound 1a. When compared, iLogP
factors of all weakly potent 2-cyanophenylthioureas were lower and
varied from 2.37 to 2.62.

2.2.3 | Activation of apoptosis

The thiourea-derived compounds (1a, 2b, 3a, 3b, 4a, 5d, 5j) with
encouraging cytotoxic potential toward cancer cell lines at concen-
trations not higher than 10 uM, were chosen for further studies of
their mechanisms of biological action. Their ability to induce
apoptosis or necrosis in cancer and normal cells was assessed by
flow cytometry analysis. As shown in Figures 3 and 4; Supporting
Information: Table 1S, the studied derivatives applied at their ICsq
concentration revealed proapoptotic properties in selected cell lines,
as compared with controls. That effect was the most spectacular in
K-562 cells. Halogenated compounds 1a and 3a were the most
potent inducers of early apoptosis in K-562 cells, as they promoted

this process in 82.8% and 89.2% of cells, respectively. The
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FIGURE 2 SAR of cytotoxicity of the new compounds 1a-5j.

dichlorophenyl thiourea 2b increased the percentage of early
apoptotic leukemia cells up to 40.9%, promoting also late apoptosis
effects in 12% of cells. The compound 4a acted similarly, as it
activated not only early, but also late apoptosis in K-562 cells, which
accounted for 34.3% and 14.7%, respectively.

On the other hand, the dichlorophenyl analog 5d considerably
promoted the process of late apoptosis in 36.2% of PC3 cells.
However, its impact on early apoptosis (13.5% of these cells) as well
as on necrosis (14.4%) was also noticeable. Additionally, our studies
exposed an elevated number (20.4%) of colon SW480 cells at the
necrotic stage after treatment with the most active derivative 1a.
That compound was also a weak inducer of early apoptotic processes
(in 11.8%) in this cell line. The thiourea-derived compounds 5j and 3b
increased the percentage of necrotic SW480 cells up to 10.9%-9.5%,
with negligible impact on apoptosis. As proved, the evaluated
compounds weakly induced cell death via apoptosis/necrosis in
metastatic SW620 cells.

It is worth noting that the investigated thiourea derivatives
did not trigger apoptotic processes in normal HaCaT cells. Treatment
of normal keratinocytes with the studied antitumor agents revealed

296% live cell of the total cell number, comparing to control.

2.2.4 | Induction of caspase activity

It is widely acknowledged that caspase family proteins play crucial
roles in the regulation of apoptosis processes. Among them, caspase-3
and caspase-7 are executors in the mitochondrial apoptosis pathways,
degrading different regulatory and structural proteins. To estimate

R, =2 substituents (CL, X) g btitution with 2-C1,3-Cl

(3a) gave the highest activity
against 3 cancer cell lines

'

replacement of 2-Cl (3a) by
2-CH; (3b) or 4-Cl (2b) kept
high cytotoxicity against SW480
or K-562 cells, but change to 4-F
(2a, 5b) led to decreased activity

P
o

'

change of 3-Cl (3a) to 4-Cl (5d)
resulted in cytotoxicity towards
PC3 cells and diminished other
activities

whether the proapoptotic mechanism of the most potent thioureas
(1a, 2b, 3a, 4a, 5d, 5j) is associated with a stimulation of caspases, their
effect on caspase 3 and caspase-7 was evaluated. Enzymatic activity
was measured by the caspase Glo-3/7 assay in PC3, K-562, SW480,
and HaCaT cell lines, treated with half-maximal ICsq of compounds at
different time intervals (Figure 5; Supporting Information: Table 2S).

The measurement of caspase activities implied that all tested
derivatives triggered apoptosis via a caspase-dependent pathway. As
shown, all cancer cells exposed to the studied compounds presented
a significant rise in the activity of caspase-3 and caspase-7. It is
consistent to the proapoptotic properties of thioureas marked in the
previous paragraph. The highest increase in these enzyme levels was
denoted in SW480 cells in the presence of the derivative 1a, by 379%
after 12 h of incubation. As compared to the control, the activity
changed to 285% and 140% after 24 and 48 h of the experiment,
respectively. The analog 5j caused a weaker activation of caspases in
these cells after 24 h of treatment (by 31%), reaching the maximum
after 48 h (by 137%).

All tested substances strongly increased caspase-3/caspase-7
activity in leukemia K-562 cells, especially after 24h of the
experiment. Compounds 1a and 3a resulted in a 270%-263% raise,
while thiourea 2b activated the enzymes by 63%, comparing with a
control probe. The impact of compound 4a on leukemia caspases was
noticeable just after 12 h of the treatment (increase by 49%), and
after longer incubation time the increase reached the level of 75%.

In PC3 cells exposed for 24h to the thiourea 5d, a rise
in executional caspases activity by 277% was observed. Caspases
stimulation was remarkable also after 12 h and remained after 48 h of

the experiment, when it accounted for 39-32%.
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FIGURE 3 The effect of selected compounds on early and late apoptosis or necrosis in SW480 (primary colon cancer), SW620 (metastatic
colon cancer), PC3 (metastatic prostate cancer), K-562 (chronic myelogenous leukemia), and HaCaT (immortal keratinocyte cell line from adult
human skin) cells. ****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05 as compared to the control.

The caspase stimulation in HaCaT cells incubated with the
studied thiourea derivatives was comparable to control cells in all
time frames. Other in vitro studies on the thiourea derivatives
showed similar proapoptotic mechanisms through activation of
caspase-3 or by rapid release of ROS, disruption of the mitochondrial
membrane potential (MMP) and cytochrome-c liberation, and then

the activation of caspase-3, caspase-7, and caspase-9.[16'24]

2.2.5 | Cell cycle analysis
Dysregulation of a variety of cellular pathways, in particular those
involved in the regulation of cell cycle machinery and apoptosis, is

observed in several types of cancer. Subsequently, tumor cells may

escape apoptosis or senescence and show excessive proliferation and
tumor growth. Some established chemotherapies and radiation may
interfere with tumor growth by affecting cell cycle control and
promoting apoptosis. Hence, therapeutic strategies targeting the
underlying molecular machinery may have considerable potential.*¢!

To examine whether the effect of studied thioureas on cancer
cells proliferation was associated with cell cycle changes, Pl-metric
cell cycle analysis by flow cytometry was conducted (Figure 6). Cells
were incubated at the presence of ICsq concentrations of compounds
1a, 2b, 3a, 3b, 4a, 5d, and 5j for 24 h.

As observed, the derivative 5d increased the percentage of PC3
cells at the sub-G1 phase (from 1.35% to 10.87%) and slightly
decreased them at the S phase. Upon treatment of SW480 cells with
thioureas 1a and 5j, a significant increase in the quantity of apoptotic
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FIGURE 4 Representative results (%) as dot plots from apoptosis analysis of SW480, SW620, PC3, K-562 and HaCaT cells after treatment
with selected compounds (1a, 2b, 3a, 3b, 4a, 5d, 5j) tested with flow cytometry. Q1, necrotic cells; Q2, late apoptotic cells; Q3, live cells; Q4,
early apoptotic cells.

cells at the GO/G1 phase was denoted (to 75.27%-76.52%), as
compared to control (56%). In addition, compound 1a resulted in a
six-fold increase of the cell amount at the sub-G1 phase. Moreover,
both derivatives considerably reduced the number of cells accumu-
lated at the S-phase and at the G2-phase. On exposure to substances

1a and 3a, K-562 cells showed statistically significant growth at the
sub-G1 phase (from 5.56% to 11.45% and 19.56%, respectively). The
compound 2b decreased leukemia cells at their GO/G1 phase, in
contrast to the thiourea 3a, that arrested the cell population at this
phase. All studied compounds markedly affected the percentage of
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FIGURE 5 The effect of selected compounds on caspase-3/caspase-7 activity. Cells were incubated for 12, 24, or 48 h with the tested
compounds used at their ICsq concentrations. Data are expressed as % of control and as the mean = SD. ****p < 0.0001; ***p < 0.001; **p < 0.01;

*p <0.05 as compared to the control.

K-562 cells at the G2 phase. There was a reduction in cell number
upon treatment with thiourea-derived compounds 1a, 3a, and 4a,
while an increased cell accumulation was observed in the presence of
the substance 2b. Evaluated compounds applied at their ICsq
concentrations had no significant impact on the cell cycle of normal
keratinocytes, only the derivative 3a slightly influenced the GO/G1
phase. The properties of the rest of the derivatives, that have
insignificant impact on the cell cycle, were presented in Supporting
Information: Figure 1s.

The above data indicated that the tested thioureas-induced cell
cycle arrest in SW480 (1a, 5j) and K562 (3a, 2b) cells, what may result
in the observed apoptosis in these cell lines. The compounds also
have a cytotoxic effect against PC3 (5d), SW480 (1a), and K-562 (1a,
3a) lines, as they greatly increased their population at the sub-G1

phase, which indicates apoptosis.

2.2.6 | |Inhibition of interleukin-6 (IL-6) release

The principal function of cytokine IL-6 in cancer cells is the
promotion of tumor development. The IL-6 induces target genes

involved in cancer cell survival, proliferation, angiogenesis,
metastasis, or inflammation.[*”! An increased level of serum IL-6
is predictive for colorectal cancer growth with distant metastases
and poor prognosis.[48] In a search for a candidate IL-6 blocker
within the synthesized series, particular cancer cells were tested
at ICso doses of derivatives 1a, 2b, 3a, 3b, 4a, 5d, and 5j
(Figure 7; Supporting Information: Table 4S). A remarkable
biological effect was denoted for all derivatives. The dichloro-
phenyl compound 3a exhibited significant IL-6 inhibitory activity
in both primary SW480 and metastatic SW620 colon cancer cells,
with a 65% and 73% decrease of the cytokine level, respectively.
Similar response (67% reduction) in SW480 cells was observed for
the thiourea 5j. However, the greatest impact was observed in
metastatic PC3 cells for analog 5d, which inhibited IL-6 secretion
fivefold. The lower efficiency in studied colon tumor cell lines, at
the level of 30%, was denoted for the thiourea 3b. Interestingly, in
HaCaT cells a slight concentration increase of this cytokine after
treatment with 3a, 4a, and 5d was observed. The role of IL-6 in
normal tissue has a positive impact and can be helpful for, for
example, muscle growth or for protection of skin cells from

harmful environmental factors.[#?->°]
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FIGURE 6 Flow cytometry analysis of cell cycle parameters after incubation of SW480, PC3, K-562 and HaCaT cells with selected
compounds at their ICsq concentration for 24 h ***p < 0.001; **p < 0.02; *p < 0.05.
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2.2.7 | ROS inducing activity

Numerous anticancer drugs can increase the cellular generation of
ROS, by inducing an electron leakage (e.g., arsenic trioxide in
leukemia cells), endoplasmic reticulum stress (celecoxib in prostate
cancer), mitochondrial collapse (gamitrinib in prostate cancer) or by
stimulating the p53 protein expression (5-fluorouracil in colon

[51]

cancer). It has been shown that also complexed thiourea

derivatives disturb the antioxidant and detoxifying system in cancer
cells.*?!

The capability of apoptosis-inducing compounds (1a, 3a, 3b, 4a,
5d, 5j) to affect the H,O, level in four cancerous cell cultures and
HaCaT cell lines were studied. In general, the quantity of ROS
measured after 2h of incubation was comparable to controls,
whereas clear differences in cellular H,O, synthesis have been
noticed after 12 h of the experiment, staying at similar levels up to
24 h (Figure 8; Supporting Information: Table 5S). The increase of
ROS levels in both colon SW480 and SW620 cells, treated for 24 h
with derivatives 1a, 3a, and 5j, was the highest. The thiourea 5j
increased the level of ROS in SW480 cell lines twofold, whereas the
derivative 1a in both mentioned cell cultures—by 63%-69%. The
compound 3a intensified ROS production in metastatic SW620 line
stronger (by 68%) than in primary SW480 cells (43%). In addition,
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between 12 and 24 h of the experiment, the derivative 3b increased
the ROS amount in SW480 cells by 30%. Similarly, the selected
derivatives (1a, 3a, 5d) raised the level of H,O, in both PC3 and
K-562 cell lines by 29%-33% after 24 h. This elevated ROS
production may lead to activation of apoptosis or necrosis in cancer
cells. The intensity of ROS generation was the least pronounced in
HaCaT (by 22%). This seems to be consistent with a weak induction
of caspase-dependent apoptosis, low cytotoxicity observed in the

MTT test, as well as no significant effect on the cell cycle.

3 | CONCLUSIONS

In summary, new hybrids containing halogenated 1,3-diphenyl and
thiourea fragments have been synthesized. All the new derivatives
were investigated for their cytotoxic activity against solid tumors
(PC3, SW480, SW620), K-562 leukemia cells, and HaCaT keratino-
cytes. Compounds 1a, 2b, 3a, 3b, 4a, 5d, 5j showed the highest
cytotoxic activities with a ICsg range from 4.4+ 1.1 to 10.7 0.3 uM,
stronger than cisplatin. Among them, the derivatives 3b, 5j were
selectively potent toward SW480 cells, whereas 5d against the PC3
cell line. Molecular mechanisms of cytotoxicity of the favorable
compounds were examined. Thioureas-induced early apoptosis (1a,
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FIGURE 7 Effects of compounds 1a, 2b, 3a, 3b, 4a, 5d, and 5j on IL-6 levels, measured by the ELISA test. Data are expressed as the mean
+SD from primary colon cancer (SW480), metastatic colon cancer (SW620), metastatic prostate cancer (PC3) and immortal keratinocyte cell line
from adult human skin (HaCaT). ****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05 as compared to the control. ELISA, enzyme-linked

immunosorbent assay; IL-6, interleukin 6.
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FIGURE 8 Effects of selected compounds on ROS production in SW480, SW620, PC3, K-562 and HaCaT cells. FI (fluorescence intensity) of
the rhodamine (5 uM) in the presence of selected compounds at their ICsq concentrations for 2, 12, and 24 h. ****p <0.0001; ***p < 0.001;

**p <0.01; *p <0.05 as compared to the control.

2b, 3a, 4a) or late apoptosis/necrosis (1a, 5d, 5j), wherein the impact
of compounds 1a and 3a on K-562 cells were of special interest in
this regard. Proportionally to their proapoptotic properties, all
substances induced effector caspase-3/caspase-7 in the studied
cancer cells. Compounds 1a, 3a, and 5j increased the percentage of
tumor cells at the sub-G1 and GO/G1 phases and diminished the cell
population at S and G2 phases. In addition, the derivatives acted as
IL-6 blockers in colon cancer (3a, 5j) and PC3 (5d) cells. Their

apoptosis-inducing potency could be also connected with significant
ability to raise ROS levels, which together with the previously proven
effect of reducing the antioxidant defense may increase the cytotoxic
effect. The compounds displayed safety against the normal cell line.
Thus, based on this study, dichlorophenyl derivative 3a, and
monosubstituted phenylthioureas 1a and 5j are promising anticancer
agents, shifting the cells toward undergoing apoptosis, which
qualifies them as suitable candidates for further investigations.
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41 | Chemistry

4.1.1 | General remarks

2-Aminobenzonitrile and 4-chloro-3-nitroaniline were supplied
from Alfa Aesar; 4-bromo-2,6-dichloroaniline, 9-ethyl-9H-carbazol-
(3,3'-dimethoxy[1,1'-biphenyl]-4,4'-

diamine) were supplied from Sigma Aldrich. Isothiocyanates were

3-amine and o-dianisidine
purchased from Alfa Aesar or Sigma Aldrich. Acetonitrile, chloroform,
and methanol were supplied from POCh (Polskie Odczynniki
Chemiczne). All chemicals were of analytical grade and were used
without any further purification. Prior to usage, acetonitrile was kept
in crown cap bottles over anhydrous phosphorus pentoxide (Carl
Roth). The NMR spectra were recorded on a Bruker AVANCE
DMX400 spectrometer, operating at 300MHz (*H NMR) and
75.5MHz (*3C NMR). The spectra were measured in dimethyl
sulfoxide (DMSO) and are given as & values (in ppm) relative to
tetrametylosilan. Mass spectral electrospray ionization (ESI) measure-
ments were carried out on LCT Micromass TOF HiRes apparatus.
Flash chromatography was performed on Merck silica gel 60 (200-
400 mesh) using chloroform-methanol mixture. Analytical thin layer-
chromatography was carried out on silica gel F254 (Merck) plates
(0.25 mm thickness).

The InChl codes of the investigated compounds, together with

some biological activity data, are provided as Supporting Information.

4.1.2 | General procedure for the preparation of
1,3-disubstituted thiourea derivatives (1a-5j)

A solution of commercially available aromatic amine (00031 mol) in
anhydrous acetonitrile (5 mL) was treated with appropriate isothiocyanate
(0.0031 mol). The mixture was stirred at room temperature for 6-12h
(derivatives 2a, 2b, 3a, 3b, 4a, 5a-5j) or heated under reflux condenser for
48 h (compound 1a).
evaporator, or the precipitated product was poured over a filter. The solid

The solvent was then removed on a rotary

residue was crystallized from an appropriate solvent (methanol, chloro-
form) and/or purified by column chromatography (chloroform/methanol;
9.5:0.5 vol.).

The purity of the compounds established by RP-HPLC is given in
Tables 6S and 7S.

1-(4-Bromo-2,6-dichlorophenyl)-3-[3-(trifluoromethyl)phenyl]
thiourea (1a)

Yield 10% (0.09g), white powder, m.p. 160°C-162°C. 'H NMR
(300 MHz, DMSO) 6 (ppm): 9.86 (s, 1H), 9.37 (s, 1H), 7.84 (s, 2H), 7.73
(g, 2H, J = 8.4 Hz), 7.59-7.47 (m, 2H). 3C NMR (75.5 MHz, DMSO) &
(ppm): 182.2, 136.2 (3C), 133.0, 132.0, 130.8, 127.7 (2C), 127.3,
126.3, 125.3, 121.6, 120.8. HRMS (ESI) calc. for C;4HgBrCl,FsNoNas
[M+Na]*: 464.8818, found: 464.8830.
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1-(3-Chloro-4-fluorophenyl)-3-[9-ethyl-9H-carbazol-3-yl]

thiourea (2a)

Yield 83% (0.63g), yellow powder, m.p. 159°C-161°C. *H NMR
(300 MHz, DMSO) & (ppm): 9.95 (s, 1H), 9.65 (s, 1H), 8.16-8.12
(m, 2H), 7.79 (dd, 1H, J; = J, = 2.4 Hz), 7.62-7.58 (m, 2H), 7.48-7.36
(m, 4H), 7.19 (t, 1H, J=7.35Hz), 4.45 (q, 2H, J=7.0 Hz), 1.32 (t, 3H,
J=7.05Hz). 13C NMR (75.5 MHz, DMSO) & (ppm): 180.6, 154.1 (d,
Je_p=224.0Hz), 139.9, 137.6, 137.0 (d, Jc_r = 3.2 Hz), 130.2, 126.2,
125.9, 1249 (d, Jc_,=7.1Hz), 124.2, 122.1, 122.0, 120.5, 118.7,
118.5 (d, Jc_.g=18.6Hz), 117.6, 116.2 (d, Jc_g=21.7 Hz), 109.2,
109.0, 37.0, 13.7. HRMS (ESI) calc. for C1H17CIFNgNaS [M+Na]™:
420.0713, found: 420.0726.

1-(3,4-Dichlorophenyl)-3-[9-ethyl-9H-carbazol-3-yl]thiourea (2b)
Yield 77% (0.61 g), yellowish powder, m.p. 169°C-171°C. *H NMR
(300 MHz, DMSO) & (ppm): 10.06 (s, 1H), 9.79 (s, 1H), 8.16-8.13 (m,
2H), 7.94 (d, 1H, J=2.1Hz), 7.61-7.55 (m, 3H), 7.51 (d, 1H,
J=24Hz), 749-7.42 (m, 2H), 7.22-7.17 (m, 1H), 4.44 (q, 2H,
J=7.0Hz), 1.32 (t, 3H, J=7.05Hz). 3C NMR (75.5 MHz, DMSO) &
(ppm): 180.3, 140.1, 139.9, 137.6, 130.3, 130.2, 129.9, 125.9, 125.8,
125.1,124.1, 123.8, 122.1, 122.0, 120.5, 118.8, 117.5, 109.2, 109.0,
37.0, 13.7. HRMS (ESI) calc. for Cy1H14CIoN3S [M-H]™: 412.0442,
found: 412.0455.

1-(4-Chloro-3-nitrophenyl)-3-[2,3-dichlorophenyl]thiourea (3a)
Yield 75% (0.82 g), pale yellow powder, m.p. 144°C-146°C. *H NMR
(300 MHz, DMSO) 6 (ppm): 10.38 (s, 1H), 9.97 (s, 1H), 8.39 (d, 1H,
J=24Hz),7.85 (dd, 1H, J; =2.4Hz, J,=2.7 Hz), 7.75-7.71 (m, 1H),
7.59-7.51 (m, 2H), 7.42-7.37 (m, 1H). 3C NMR (75.5 MHz, DMSO) &
(ppm): 180.6, 146.8, 139.4, 139.2, 137.9, 131.9, 131.4, 129.5, 128.7,
128.6, 128.5, 127.9, 119.9. HRMS (ESI) calc. for C413HgCI3sN3NaO,S
[M+Na]*: 397.9301, found: 397.9289.

1-(2-Chloro-3-methylphenyl)-3-[4-chloro-3-nitrophenyl]

thiourea (3b)

Yield 65% (0.67 g), pale yellow powder, m.p. 149°C-151°C. *H NMR
(300 MHz, DMSO) 6 (ppm): 10.10 (s, 1H), 9.90 (s, 1H), 8.36 (d, 1H,
J=24Hz), 7.83 (dd, 1H, J;=J,=27Hz), 7.71-7.68 (m, 1H),
7.41-7.38 (m, 1H), 7.26-7.24 (m, 2H), 2.26 (s, 3H). *C NMR
(75.5 MHz, DMSO) 6 (ppm): 180.7, 146.8, 139.7, 138.8, 133.9, 133.5,
131.2, 128.6, 127.7, 127.2, 127.1, 119.9, 119.6, 15.3. HRMS (ESI)
calc. for C14H10CloN305S [M-H]™: 353.9871, found: 353.9867.

1,1'-(3,3"-Dimethoxy-[1,1-biphenyl]-4,4'-diyl)bis(3-[3-
(trifluoromethyl)phenyl]thiourea) (4a)

Yield 88% (0.70¢g), gray powder, m.p. 177°C-179°C. *H NMR
(300 MHz, DMSO) 6&: 10.23 (s, 2H), 9.50 (m, 2H), 8.12 (m, 2H), 7.95
(d, 2H, J=8.1Hz), 7.81 (d, 2H, J=8.7 Hz), 7.57 (t, 2H, J=7.8 Hz),
7.48-7.45 (m, 2H), 7.37 (d, 2H, J=1.8Hz), 7.31 (dd, 2H, J;= J, =
1.8 Hz), 3.97 (s, 6H). 3C NMR (75.5 MHz, DMSO) &: 179.4 (2C),
152.3 (2C), 140.4 (2C), 138.0 (2C), 129.5 (2C), 128.7 (2C), 127.0 (2C),
126.7 (2C), 126.2 (2C), 122.3 (2C), 120.5 (2C), 119.6 (2C), 118.3 (2C),
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109.9 (2C), 55.9 (2C). HRMS (ESI) calc. for C3oH23F¢N4O5S, [M-H] ™
649.1167, found: 649.1179.
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1-(2-Cyanophenyl)-3-[3-(trifluoromethyl)phenyl]thiourea (5a)

Yield 50% (0.55g), pale yellow solid, m.p. 259°C-261°C. *H NMR
(300 MHz, DMSO) 6 (ppm): 12.84 (s, 1H), 10.16 (s, 1H), 8.40-8.32
(m, 3H), 7.74 (t, 1H, J=7.5Hz), 7.65 (t, 1H, J=7.95Hz), 7.53-7.50
(m, 1H), 7.46-7.36 (m, 2H). 3C NMR (75.5 MHz, DMSO) & (ppm):
180.2, 154.5, 141.4, 139.3, 134.7, 129.9, 129.5, 126.4, 125.9, 123.7,
122.3, 120.7, 119.0, 115.7, 110.1. HRMS (ESI) calc. for C15H9F3N3S
[M=-H]": 320.0469, found: 320.0460.

1-(3-Chloro-4-fluorophenyl)-3-[2-cyanophenyl]thiourea (5b)

Yield 45% (0.47¢g), white solid, m.p. 275°C-277°C. 1H NMR
(300 MHz, DMSO) 6 (ppm): 12.41 (s, 1H), 9.29 (s, 1H), 8.10 (d, 1H,
J=7.8Hz), 7.63-7.54 (m, 3H), 7.33-7.22 (m, 3H). °C NMR
(75.5 MHz, DMSO) 6 (ppm): 174.9, 155.1, 136.3, 133.4 (2C), 131.9,
130.7, 126.2 (2C), 123.9 (3C), 117.1, 115.6. HRMS (ESI) calc. for
C14HgCIFN3S [M-H]™: 304.0112, found: 304.0105.

1-(2-Cyanophenyl)-3-[3,4-dichlorophenyl]thiourea (5c)

Yield 77% (0.84g), creamy powder, m.p. 260°C-262°C. *H NMR
(300 MHz, DMSO) 6 (ppm): 12.41 (s, 1H), 9.29 (s, 1H), 8.10 (d, 1H,
J=7.2Hz), 7.76-7.74 (m, 1H), 7.65-7.57 (m, 2H), 7.33-7.22 (m, 3H).
13C NMR (75.5 MHz, DMSO) & (ppm): 174.7, 140.4, 136.2, 1334,
131.9 (2C), 131.1, 130.3 (2C), 126.2 (2C), 124.0 (2C), 115.7. HRMS
(ESI) calc. for C14HgCIoN3S [M-H]™: 319.9816, found: 319.9827.

1-(2-Cyanophenyl)-3-[2,4-dichlorophenyl]thiourea (5d)

Yield 74% (1.0 g), pale yellow powder, m.p. 278°C-280°C. 'H NMR
(300 MHz, DMSO) & (ppm): 12.47 (s, 1H), 9.32 (s, 1H), 8.13 (d, 1H,
J=78Hz), 7.76 (m, 1H), 7.64-7.59 (m, 1H), 7.52-7.47 (m, 2H),
7.34-7.24 (m, 2H). *3C NMR (75.5 MHz, DMSO) & (ppm): 174.3,
154.1, 137.9, 136.0, 133.6 (2C), 133.0, 129.2, 128.1, 126.3 (2C),
124.2 (2C), 115.8. HRMS (ESI) calc. for Ci4HgCloN3S [M-HI™:
319.9816, found: 319.9827.

1-(2-Cyanophenyl)-3-[2,3-dichlorophenyl]thiourea (5e)

Yield 66% (0.89g), white solid, m.p. 290°C-292°C. 1H NMR
(300 MHz, DMSO) 6 (ppm): 12.48 (s, 1H), 9.32 (s, 1H), 8.14 (d, 1H,
J=7.8Hz), 7.65-7.59 (m, 2H), 7.43 (m, 2H), 7.35-7.24 (m, 2H). *3C
NMR (75.5 MHz, DMSO) 6 (ppm): 174.2, 154.0, 140.6, 135.9, 133.6,
131.9, 1304, 129.7, 128.4, 126.2, 124.2 (2C), 115.9, 114.8. HRMS
(ESI) calc. for C14HgCloN3S [M-H]™: 319.9816, found: 319.9827.

1-(2-Chlorophenyl)-3-[2-cyanophenyl]thiourea (5f)

Yield 59% (0.57¢g), white solid, m.p. 256°C-258°C. 'H NMR
(300 MHz, DMSO) 6 (ppm): 12.42 (s, 1H), 9.27 (s, 1H), 8.12 (d, 1H,
J=78Hz), 7.64-7.32 (m, 6H), 7.29-7.23 (m, 1H).23C NMR
(75.5MHz, DMSO) & (ppm): 174.4, 154.2, 149.6, 147.9, 138.8,
136.0, 133.5, 131.7, 130.6, 129.3, 127.8, 126,3, 124.1, 115.7. HRMS
(ESI) calc. for C14HoCIN3S [M-H]™: 286.0206, found: 286.0217.

1-(4-Chlorophenyl)-3-[2-cyanophenyl]thiourea (53)

Yield 89% (1.08g), yellow solid, m.p. 242°C-244°C. *H NMR
(300 MHz, DMSO) 6 (ppm): 12.40 (m, 1H), 9.23 (m, 1H), 8.10 (dd,
1H, J1 = J, = 1.2 Hz), 7.63-7.58 (m, 3H), 7.33-7.22 (m, 4H).**C NMR
(75.5 MHz, DMSO) & (ppm): 175.2, 136.8, 133.9 (2C), 133.5, 132.0
(3C), 130.1, 126.7 (2C), 124.5 (2C), 116.2. HRMS (ESI) calc. for
C14HoCIN3S [M-H]™: 286.0206, found: 286.0217.

1-(3-Bromophenyl)-3-[2-cyanophenyl]thiourea (5h)

Yield 55% (0.61g), creamy powder, m.p. 186°C-188°C. 'H NMR
(300 MHz, DMSOQ) 6 (ppm): 12.41 (m, 1H), 9.25 (m, 1H), 8.10 (dd, 1H,
J1=1.2Hz, J,=0.9 Hz), 7.63-7.56 (m, 3H), 7.48 (t, 1H, J=7.8 Hz),
7.34-7.22 (m, 3H). ¥3C NMR (75.5 MHz, DMSO) & (ppm): 175.1,
136.9, 133.9, 132.9 (2C), 131.7, 129.4 (2C), 126.7 (2C), 124.5 (2C),
122.0, 116.2. HRMS (ESI) calc. for C14H9BrNsS [M-H]™: 329.9701,
found: 329.9708.

1-(4-Bromophenyl)-3-[2-cyanophenyl]thiourea (5i)

Yield 55% (0.61g), white powder, m.p. 187°C-189°C. *H NMR
(300 MHz, DMSO) 6 (ppm): 12.39 (m, 1H), 9.23 (m, 1H), 8.09 (dd, 1H,
J1=1.2Hz, J,=0.9Hz), 7.70 (d, 2H, J=8.4Hz), 7.63-7.57 (m, 1H),
7.33-7.30 (m, 1H), 7.27-7.21 (m, 3H). 3C NMR (75.5 MHz, DMSO) §
(ppm): 174.6, 136.5, 133.4 (2C), 132.5, 131.9 (3C), 126.2 (2C), 123.9
(2C), 121.3, 115.7. HRMS (ESI) calc. for Cy4H9BrN3sS [M-H]™:
329.9701, found: 329.9708.

1-(2-Cyanophenyl)-3-[4-iodophenyl]thiourea (5j)

Yield 50% (0.64 g), pale yellow powder, m.p. 256°C-258°C. *H NMR
(300 MHz, DMSO) & (ppm): 12.39 (m, 1H), 9.25 (m, 1H), 8.09 (d, 1H,
J=7.2Hz), 7.86 (d, 2H, J=7.5Hz), 7.62-7.57 (m, 1H), 7.32-7.21
(m, 2H), 7.08 (d, 2H, J = 7.8 Hz). *3C NMR (75.5 MHz, DMSO) & (ppm):
174.5, 138.4, 136.4, 133.4 (2C), 131.9 (3C), 126.2 (2C), 123.9 (2C),
115.7, 94.2. HRMS (ESI) calc. for Ci4H9IN3S [M-H]™: 377.9562,
found: 377.9550.

4.2 | Biological studies

421 | Cell cultures

The human primary (SW480) and metastatic (SW620) colon cancer,
metastatic prostate cancer (PC3), chronic myelogenous leukemia
(K-562), and human immortal keratinocyte (HaCaT) cell lines were
recruited from the American Type Culture Collection (ATCC). The
cells were cultured in the recommended medium according to
protocols (RPMI 1640 for PC3 and K-562, MEM for SW480 and
SW620 as well as DMEM for HaCaT cells) with addition of 10% FBS,
penicillin (100 U/mL), and streptomycin (100 pg/mL) and cultured in
37°C/5% CO, in a humidified incubator. Then, the cells were
passaged (excluding the non-adherent K-562 cell line) at a confluence
of 80%-90% by a treatment with 0.25% trypsin (Gibco Life
Technologies) and used for studies.



STRZYGA-tACH ET AL.

422 | MTT tests

Thiourea derivatives and standard drugs—doxorubicin and cisplatin,
were tested at various concentrations (ranged from 1 to 100 uM).
They were added to 96-well plates with seeded normal and cancer
cells (1 x 10* cells per well) and incubated for 72 h. MTT analysis was
performed according to a previous study./*®! Cell absorbance results
were inserted into the formula for the relative MTT level (%). It allows
us to calculate the viability of cells under the influence of the tested
compounds. Cell viability was expressed as the percentage of MTT
reduction in cells treated with tested compounds compared to the
control sample. The relative MTT level was calculated using the
formula: [100%] = A/B x 100%, where A is the test sample absorb-
ance and B is the control sample absorbance. The ICsq values were

estimated using GraphPad Prism 9 software (GraphPad Software).

42.3 | Annexin binding assay

The apoptotic and necrotic cells treated with thiourea derivatives were
detected using the fluorescein-5-isothiocyanate (FITC) Annexin V
Apoptosis Detection Kit | (BD Biosciences Pharmingen). Briefly, cells
(2 x 10° cells/well) were seeded in 6-well plates in supplemented medium.
After 24 h, cells were incubated with studied compounds at their 1Csq
concentrations for 72 h. Then cells were harvested, washed, and labeled
with Annexin V-FITC and propidium iodide (Pl) according to the
manufacturer's protocol. The stained cells were analyzed by flow
cytometry. The cells were identified as early apoptotic (Annexin V+/PI
-) or late apoptotic/necrotic (Annexin V+/Pl+).

424 | Caspase-3 and caspase-7 activity assay

To determine the activity of enforcement caspases, the caspase Glo
3/7 Assay (Promega) was used. Cells (1x10%cells/well) were
cultured in white 96-well luminometer plates. After preincubation
(24 h) cells were treated with thiourea compounds at their ICsq
concentrations for 12, 24, and 48 h. Briefly, the caspase Glo 3/7
Buffer was mixed with caspase Glo 3/7 Substrate to form caspase
Glo 3/7 Reagent. Next, 100 pL of the caspase Glo 3/7 Reagent was
added to 96-well luminometer plates containing 100 pL of blank,
negative control cells or treated cells in culture medium. The amount
of generated luminescence was measured after 3h in the lumin-
ometer Synergy HTX Multi-Mode Reader (BioTek Instruments). The
blank (culture medium plus DMSO—solvent of tested compounds)
was used to measure background luminescence. The untreated cells

were used as a negative control.

425 | Cell cycle analysis

Cells (1 x 10 cells/well) were seeded on a six-well plate for 24 h.
Next, they were exposed to selected compounds at their ICsq
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concentration for 24 h. Both detached and attached population
of cells were collected and centrifuged at 400g for 5 min at 4°C. Next,
cells were washed twice with 0.9% NaCl and fixed in 500 uL of 70%
cold ethanol overnight. Before analysis, cells were centrifuged 8509
for 5 min at 4°C and washed with PBS. Then, the cells were incubated
with 50 puL of RNase (100 pg/mL) and 200 ul of PI (50 ug/mL) at 37°C
for 30 min in the dark. At the end, 100 uL PBS was added to each
sample. The cell cycle was analyzed by flow cytometry (Becton
Dickinson FACS Verse). Cells were identified in various cell cycle
stages: sub-G1, GO/G1, S, and G2/M phases.

42.6 | IL-6 assay

The concentration of IL-6 was measured in the cell culture
supernatant using the IL-6 High Sensitivity enzyme-linked immu-
nosorbent assay (ELISA) kit (Diaclon SAS, Besancon Cedex). Cells
(1 x 10° cells/well) were seeded in 12-well plates with medium for
24 h. Then, cells were treated with studied compounds at their
ICs0 concentrations for 72 h. After this incubation, the super-
natants were collected and 100 pL of the supernatant samples,
control solutions, and blank were added to a precoated ELISA
plate with the preceding plotting of the standard curve. Then
50 uL of diluted biotinylated anti-human IL-6 antibody was added
and incubated at room temperature for 3 h. Afterward, the plate
was washed three times and 100 pL streptavidin-HRP solution was
added to each well. After a 30-min incubation, the plate was
washed again three times and 100 puL of tetramethylbenzidine
(TMB) solution was added to each well. The plate was incubated
for 15 min in the dark. The reaction was stopped by adding 100 uL
of H,SO, solution. The absorbance was estimated using a
spectrophotometer at 450 nm (Microplate Spectrophotometer
Thermo Scientific™ Multiskan™ GO).

427 | ROS detection—Dihydrorhodamine 123
(DHR-123) assay

ROS formation was measured using the spectrofluorometric method
with DHR-123 based on the ROS-dependent oxidation of the
compounds to the fluorescent oxidized form (rhodamine-123). All
the tested cell lines were seeded on to 96-well plates (5 x 10% cells
per well) and pre-incubated for 24 h. Next, ithey were cultured with
DHR-123 (1 uM) for 30 min at 37°C in the dark and then cells were
washed with PBS and treated for 2, 12, and 24 h at 37°C with phenol
red-free culture medium containing the tested compounds at their
ICso concentrations. As a positive control, a sample with H,O,
(1.5 mM) was used, whereas a sample without any reagent was the
negative control. The maximum stimulation and emission spectra for
rhodamine-123 were 507 and 529 nm, respectively. The generation
of H,O, was measured by the Microplate Spectrofluorometer BioTek
Synergy (BioTek Instruments) with a wavelength of 500-536 nm and
expressed as fluorescence intensity (FI).
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Statistical analysis

The statistical analysis was performed using the GraphPad Prism 9
software (GraphPad Software). The results were calculated as
mean + SD from at least three independent experiments. Statistical
significance of differences between values was established by
analysis of variance with Dunnett's multiple comparison post hoc

test and considered statistically significant at p < 0.05.
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Podsumowanie i wnioski

W ramach prowadzonych eksperymentdw oceniono cytotoksyczno$¢ 28 nowych,
zrdznicowanych strukturalnie pochodnych tiomocznika wobec nowotwordw litych
(SW480, SW620, PC3), wzgledem nowotworu hematologicznego (K-562) oraz
prawidtowych keratynocytéw (HaCaT). Najbardziej aktywne pochodne (1-3, 8, 9 oraz
1a, 2b, 3a, 3b, 4a, 5d i 5j) zostaly wybrane do dalszych badan nad mechanizmami ich

cytotoksycznego dziatania.

e Zwiazki 1-5, 8 i 9 wykazaty wysoka cytotoksyczno$¢ wobec ludzkich komoérek
nowotworowych jelita grubego oraz prostaty i linii komoérkowej biataczki (ICso <
10 uM), z korzystng selektywnos$cig w stosunku do prawidtowych komorek.

e Ustalono mechanizmy cytotoksycznego dzialania dla wyselekcjonowanych,
najbardziej bioaktywnych pochodnych tiomocznika. Zwiazki te redukowaly
liczbe komoérek nowotworowych i ich przezywalno$¢. Tiomocznikowe pochodne
1, 2 i 8 wykazaly silng aktywno$¢ pro-apoptotyczna. Wszystkie zwiazki obnizyty
ilo$¢ wydzielanej IL-6 z wiodacg aktywnoscig prezentowana przez pochodne 2 i
8.

e Zidentyfikowano najbardziej optymalng modyfikacje strukturalng tiomocznika
pod postacig dichloropochodnej 2 1 4-(triflorometylo)fenylowej pochodnej 8, a
nastepnie  przeprowadzono  zaawansowane  badania = mechanizmow
ukierunkowanych na kluczowe szlaki molekularne zaangazowane w progresj¢
nowotworu.

e Obie pochodne 2 i 8 indukowaty aktywno$¢ kaspaz 3/7, aktywowaty produkcje
RFT, a takze hamowaly uwalnianie NF-xB 1 VEGF w komorkach
nowotworowych. Analiza metabolomiczna wykazata interesujagce zmiany w
profilach metabolicznych komoérek nowotworowych, szczegdlnie w metabolizmie
lipidow 1 pirymidyn. Wydaje si¢, dzialanie zwigzku 2 prowadzi do bardziej
korzystnych zmian, zmniejszajac ilo$¢ metabolitow kluczowych w progresji
nowotworu. Potwierdzita to rowniez ocena zywotnosci komodrek w sferoidach 3D,
gdzie komoérki SW620 okazaly si¢ bardziej wrazliwe na zwigzek 2 niz na
obecnos$¢ pochodnej 8.

e Zwiazki 1la, 3a, 3b, 5j charakteryzowaly si¢ wysokim potencjatem
cytotoksycznym w stosunku do komoérek SW480, pochodne 2b, 3a, 4a wobec K-
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562, a 5d wobec PC3, w wymiarze porownywalnym lub silniejszym niz
powszechnie stosowany lek przeciwnowotworowy — cisplatyna, z potwierdzonym
bezpieczenstwem ich stosowania.

Wyselekcjonowano tiomoczniki 1a, 2b, 3a i 4a jako najskuteczniejsze aktywatory
wczesnej apoptozy w komorkach K-562, natomiast zwigzki 1a, 3b i 5j jako
induktory pdznej apoptozy lub nekrozy w komorkach SW480. Efekt
proapoptotyczny zostal potwierdzony istotnym wzrostem aktywacji kaspaz 3/7.
Analiza cyklu komérkowego wykazata, ze pochodne 1a, 3a i 5j zwigkszyty liczbe
komorek SW480 1 K-562 w fazach sub-G1 i/lub G0/G1 i wywotaty zatrzymanie
cyklu w fazie G2. Zahamowanie na tym etapie cyklu moze $wiadczy¢ o
uszkodzeniach DNA lub zaburzeniach w formowaniu wrzeciona podziatowego,
co wskazuje na ich dzialanie cytotoksyczne i indukcje apoptozy.
Najskuteczniejsze cytotoksycznie pochodne tiomocznika hamowaty wydzielanie
cytokiny IL-6 z komorek PC3 oraz obu linii komérkowych raka jelita grubego
(SW480 1 SW620). Zwiazki indukujace apoptoze zwigkszaly rowniez produkcje

RTF we wszystkich liniach komérek nowotworowych.

Przeprowadzone badania wykazaly, ze wybrane pochodne tiomocznika charakteryzuja

si¢ silnym 1 selektywnym dzialaniem cytotoksycznym wobec réznych linii komoérek

nowotworowych, przewyzszajacym w niektorych przypadkach skutecznos$¢ referencyjne;j

cisplatyny. Zidentyfikowano mechanizmy molekularne lezace u podstaw ich aktywnosci,

obejmujace indukcje apoptozy, zahamowanie kluczowych szlakoéw proliferacyjnych i

angiogenezy, a takze modulacj¢ odpowiedzi zapalnej 1 metabolizmu komorkowego.

Szczegolnie obiecujace okazaly si¢ pochodne dihalogenofenylowe, ktore wykazaly

wielokierunkowe dziatanie przeciwnowotworowe oraz korzystny profil bezpieczenstwa.

Uzyskane wyniki stanowig solidng podstawe do dalszych badan nad rozwojem tych

zwiazkow jako potencjalnych kandydatow do terapii nowotworowe;.
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